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Chapter 1. 
Cleistogamy: a useful way for wheat breeding 
 
1.1. Introduction 
Cleistogamy, as first defined by Kuhn (1867) refers to production of flower that self in the 
bud. The term is most often used to describe species which produce open (chasmogamou-CH) 
and closed (cleistogamous-CL) flowers which never achieve anthesis but set good seed. The 
production of open (chasmogamou-CH) and closed (cleistogamous-CL) floral forms is 
widespread among the angiosperms. While the CL flower is autogamous, the CH flower may 
provide a mean for outcrossing (Lord 1981). Cleistogamy is the self-pollination and 
self-fertilization without opening of the floret and has been reported in 321 grass species (about 
5% of total in family) from 82 genera (Campbell 1983). It is far more common in grasses than in 
any other angiosperm family (Lord 1981) and it is most common within the Gramineae in the 
genera of the three most advanced subfamilies and in the temperate zones of the New World. 
 
1.2. Classification of cleistogamy 
Lord (1981) suggested four groups of CL plants: (1) preanthesis cleistogamy, in which bud 
pollination occurs followed by anthesis, this is common in cultivated legumes, grasses and other 
crop plants; (2) pseudocleistogamy, in which no morphological differences occur between 
cleistogamous (CL) and chasmogamous (CH) flowers other than a lack of expansion and 
anthesis in CL flowers and which could be induce by environmental factors such as drought; (3) 
complete cleistogamy, in which some species produce only CL flowers; and (4) “true” 
cleistogamy, in which various floral dimorphisms result from divergent developmental pathways 
in a single species or individual. 
Cleistogamy has been reported in several cereal crops including genus Avena (Connor 
1979), genus Sorghum (Merwine et al. 1981), and barley (Kurauchi et al. 1993; Reid 1985). In 
wheat, 350 accessions of Triticum durum for three successive seasons had been studied, only two 
stains show strictly cleistogamous flowering and the CL phenotype was stable, unaffected by 
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environment conditions (Sethi and Chhabra 1990). The two cleistogamous stains had the poorly 
developed lodicules and stiff perianth and thus the florets did not open during pollination and 
fertilization (Chhabra and sethi 1991). During anthesis in wheat, florets opened by splitting the 
joint between lemma and palea as lodicules swell, which has critical role in opening the floret at 
the time of anthesis (Heslop-Harrison and Heslop-Harrison 1996). However, florets of the poor 
developed lodicules could not open and remain closed during anthesis. 
 
1.3. Development of flower organs related genes with cleistogamy 
Flower development through three processes: induction of floral meristem, the floral 
meristem identity and the floral organ identity (Coen and Meyerowitz 1991). In the last decade, 
flower development processes has been intensively studied particularly in dicot species, it has 
become clear that the ABCDE model of development of floral organs has been established. The 
ABCDE model postulates that the five classes of homeotic genes, named A, B, C, D and E gene 
are defining the floral organ identity (Coen and Meyerowitz 1991; Goto et al., 2001; Theißen, 
2001; Theißen and Saedler 2001; Zahn et al., 2006). According to the ABCDE model, class A 
and E genes specify leaf-like sepals in the outermost whorl, class A, B, and E genes specify 
petals in the second whorl, class B, C, and E genes specify stamens (male reproductive organs) 
in the third whorl, class C and E genes specify carpels (female reproductive organs) in the fourth 
whorl, and class D and E genes specify the ovule in the pistil. Cloning of ABCDE organ identity 
genes in Arabidopsis showed that they encode MADS box transcription factors, except for the 
class A gene APETALA2 (AP2). The class A MADS box gene is AP1, the class B genes are AP3 
and PISTILLATA (PI), the class C gene is AGAMOUS (AG), the class D gene is SEEDSTICK and 
the class E genes are from SEPALLATA1 (SEP1) to SEP4. The class A and C genes are mutually 
repressive. In several cereal crops, flower development related genes also were identified (Table 
1, Shitsukawa et al., 2007; Nair et al., 2010; Zhou et al., 2012; Sreenivasulu and Schnurbusch 
2012). 
The lodicule in monocotyledonous plants is homologous with dicotyledonous petal (Glover, 
2007). The lodicules are the two diminutive bodies lying between the lemma and the ovary base 
in the grass floret which, by expanding rapidly at the time of anthesis, lever away the rigid 
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lemma allowing anthers and stigmas to emerge, expansion results from the swelling of a cushion 
of tissue at the base of each lodicule (Heslop-Harrison and Heslop-Harrison, 1996). Then, 
cleistogamy will generally mean that lodicule function has failed, with the result that the florets 
do not open normally, in cleistogamous genotypes of the small-grain cereals the filaments 
commonly extend within the closed florets where lodicule function has been impaired 
(Heslop-Harrison and Heslop-Harrison, 1996). 
In rice, the cleistogamous mutant superwoman1-cleistogamy (spw1-cls) which closed the 
anther inside the floret throughout the ripening stages was identified from mutagenized 
population (Yoshida et al., 2007). There was SNP in SUPERWOMAN1 (SPW1), one of class B 
MADS-box. This mutation affects lodicule identification by transformed homeotically to 
lodicule-glume mosaic organs. This mutant was not large differences in agronomic traits 
comparing wild type, and able to inhibit natural crossing by over five years to exam (Ohmori et 
al., 2012). It is a practical material for cleistogamous rice. In barley, cleistogamy has been well 
studied, and many cleistogamous barley cultivars have been raised. Genetic analysis revealed the 
cleistogamy mode of inheritance is responsible genetic locus occurs on chromosome 2HL 
(Kurauchi et al. 1993; Turuspekov et al., 2004). The Cly1 gene was identified by map-based 
cloning. It encodes a putative transcription factor AP2 of class A gene, the cleistogamous 
phenotype is associated with synonymous nucleotide substitution within the miR172 targeting 
site, indicating that de-repression by miR172 causes upregulation of the Cly1 transcript, leading 
to cleistogamy (Nair et al., 2010). Wheat is predominantly chansmogamous in flowering, two 
cleistogamou wheat of T. durum (AABB) had been reported (Sethi and Chhabra 1990). The two 
cleistogamous stains had the poorly developed lodicules and stiff perianth, controlled by a single 
recessive gene (Chhabra and sethi 1991). The mechanism of cleistogamy remains to clarify in 
wheat. 
 
1.4. Advantage of cleistogamy in wheat breeding 
The cleistogamy phenotype is a useful trait for wheat breeding: 
Firstly, cleistogamy is useful to increase resistance to Fusarium head blight (FHB) disease. 
FHB is a devastating disease of wheat in the humid and semi-humid areas (Snijders 1990; Parry 
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et al., 1995; McMullen et al., 1997). FHB is caused by the fungus Fusarium graminearum 
(Schwabe), which is a facultative parasite and is pathogenic on many other grasses, including 
common weeds and cereal crops (rye, rice, barley and triticale) (O'Donnell et al., 2000, 2004; 
Goswami & Kistler, 2004). Plant resistance to FHB includes active, passive and/or tolerance 
mechanisms. So there are three types of FHB resistance in wheat: (I) resistance to the initial 
infection; (II) resistance to spread within the spike; (III) decomposition or lack of accumulation 
of mycotoxins (Mesterházy 1995; Schroeder and Christensen 1963). The most effective strategy 
for preventing FHB in wheat is through the development of resistant cultivars. Morphological 
resistance allows the plant to escape infection during its most susceptible stage. Since anthers are 
required for the initial FHB infection (Dickson et al. 1921, Pugh et al. 1933), the lack of anther 
extrusion in these cultivars may have prevented FHB infection. Lately, the wheat of narrow 
flower opening or close proximity which can increase resistance to the initial FHB infection had 
proved (Gilsinger et al., 2005; Kubo et al., 2010). Therefore, cleistogamous wheat can escape 
infection during anthesis with not anther out to increase resistance to the initial FHB infection. 
Secondly, cleistogamy is a useful genetic tool for prevention of possible gene transfer in 
transgenic crops (Daniell 2002). As genetically modified (GM) crop widely applied in modern 
agriculture, the gene flow of GM crop is especially tough problem. A consequence of the pollen 
movement of GM crops can be unintended gene flow to non-GM conspecifics or to wild 
relatives, resulting in genetic pollution of the environment (Jørgensen et al., 1994; Daniell, 2002; 
Rieger et al., 2002; Schoenenberger et al., 2006; Mercer & Wainwright, 2008; Piñeyro-Nelson et 
al., 2009). Wheat is a predominantly self-pollinating species (De Vries AP 1971), had been 
found cross-pollination rates of 1-2% in close proximity (De Vries, 1974; Martin, 1990; 
Gustafson et al., 2005). In despite of the low rates of gene flow, a maximum cross-pollination 
distance of 2.75 km had been reported (Matus-Ca´diz MA et al., 2007). cleistogamy is a useful 
for pollen-mediated gene flow. 
Thirdly, cleistogamy can maintain genetic purity of autogamous crops across generations 
(Saxena et al. 1993). Owing to inhibiting outcrossing, this technology would be useful 
conserving the seed purity of inbred lines used in hybrid system. 
Fourthly, advantages such as tolerance to biotic and abiotic stress (Hughes 1996). 
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Further studies will provide insight into the development of such regulated cleistogamy 
technology as a powerful system to control plant flower opening and outcrossing. 
 
1.5. Conclusion 
Cleistogamy, a breeding system in which permanently closed, self-pollinated flowers are 
produced, has received increasing attention in recent year. Cleistogamy is useful not only for 
gene containment in GM crops, but also for the conservation of generations. Beyond these, the 
most important advantage is increasing resistance to FHB disease in wheat. In some cereal, the 
poorly developed lodicule (homologous with dicotyledonous petal) is useful way to obtain the 
cleistogamous plant. In dicot species, the ABCDE model of development of floral organs has 
been established. Recently, flower development related genes also were identified from few 
cereal plants (Table 1). But so far the very large size (totals 17 Gb, about 40 times larger than 
that of rice) and polyploid complexity of the bread wheat genome have been substantial barriers 
to genome analysis. Using the information of flower development related genes from other 
cereals as a reference; it is a simple and rapid method to clone genes through homologous 
sequence. Then, we can confirm the functions and regulation mechanism of related genes. It is 
laying the ground for wheat breeding of control plant flower opening or outcrossing, and flower 
development in wheat. 
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Table 1. Flower development related genes belonging to the ‘ABCE’ model from cereals 
Floral genes Species Putative genes 
function (wt) 
Protein class Phenotype References 
OsMADS14,  
OsMADS15,  
OsMADS18  
Rice  
 
Floral meristem 
identity  
AP1 transcription 
factor  
A-class MADS 
box  
Early flowering  
 
Jeon et al., 2000 
SHATTERING 
ABORTION1 
(SHAT1) 
Rice  lodicule identity AP2 transcription 
factor  
A-class  
Enlarged and/or 
increased number 
of lodicules; 
Homeotic 
transformation of 
lodicules into 
lemma/palea-like  
Zhou et al., 2012 
Cleistogamy1 
(Cly1) 
Barley lodicule identity AP2 transcription 
factor  
A-class 
Unknown  
 
Nair et al., 2010 
OsSUPERWOM
AN1 
(OsSPW1=OsM
ADS16)  
[Ortholog of 
ZmSILKY1 and 
AtAP3/DEF]  
Rice/  
Maize  
Stamen and 
lodicule identity  
AP3 transcription 
factor  
B-class MADS 
box  
Homeotic 
transformation of 
stamens and 
lodicules into 
carpels and 
palea-like organs  
Nagasawa et al., 
2003; 
Ambrose et al., 
2000 
OsMADS2  Rice  Lodicule 
differentiation and 
growth  
AP3 transcription 
factor  
B-class MADS 
box  
Defective lodicule 
development  
Yadav et al., 
2007; 
Prasad et al., 2003 
OsMADS4  
(paralog of 
OsMADS2)  
Rice  Lodicule and 
stamen 
development  
AP3 transcription 
factor  
B-class MADS 
box  
Defective lodicule 
and stamen 
development  
Yadav et al., 
2007; 
Prasad et al., 2003 
OsMADS3/  
ZmZMM2  
Rice/  
Maize  
Stamen 
differentiation  
AGAMOUS(AG)-l
ike transcription 
factor  
C-class MADS 
box  
Homeotic 
transformation of 
stamens into 
lodicules  
Yamaguchi et al., 
2007 
OsMADS58/  
ZmZAG1  
Rice/  
Maize  
Floral meristem 
determinacy and 
carpel 
development  
AGAMOUS(AG)-l
ike transcription 
factor  
C-class MADS 
box  
Indeterminate 
development of 
floral organs  
Yamaguchi et al., 
2007 
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OsMADS13 /  
[Ortholog of 
AtSEEDSTICK 
(SST)]  
Rice  
 
Ovule identity  
 
transcription 
factor  
D-class MADS 
box  
Homeotic 
transformation of 
ovules into carpels  
Yamaki et al., 
2011; 
Dreni et al., 2007 
OsMADS21  
(Paralog of 
OsMADS13)  
Rice  
 
Unknown  
 
Transcription 
factor  
D-class MADS 
box  
Unknown  Dreni et al., 2007 
OsMADS7  Rice  
 
Floral 
determinacy, 
specification of 
sepals, petals, 
stamens, carpels  
Transcription 
factor  
E-class MADS 
box  
Homeotic 
transformation of 
all floral organs  
Cui et al., 2010 
OsMADS8  Rice  Floral 
determinacy, 
specification of 
sepals, petals, 
stamens, carpels  
Transcription 
factor  
E-class MADS 
box  
Homeotic 
transformation of 
all floral organs  
Cui et al., 2010 
OsMADS1  Rice  
 
Floral 
determinacy, 
specification of 
sepals, petals, 
stamens, carpels  
Transcription 
factor  
E-class MADS 
box  
Homeotic 
transformation of 
all floral organs  
Cui et al., 2010 
OsMADS5  
 
Rice  
 
Floral 
determinacy, 
specification of 
sepals, petals, 
stamens, carpels  
Transcription 
factor  
E-class MADS 
box  
Homeotic 
transformation of 
all floral organs  
Cui et al., 2010 
PANICLE 
PHYTOMER2 
(PAP2) 
Rice Spikelet meristem 
identity 
Transcription 
factor  
E-class MADS 
box (OsMADS34) 
Rachis branching, 
ectopic spikelets 
Gao et al., 2010;  
Kobayashi et al., 
2010 
Wheat 
SEPALLATA 
(WSEP) 
Wheat LEAFY 
HULL 
STERILE1 
(WLH1) 
wheat Floral organ 
differentiation and 
development 
Transcription 
factor  
E-class MADS 
box 
Early flowering 
and late terminal 
flower formation 
Shitsukawa et al., 
2007 
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Chapter 2. 
Structure, transcription and post-transcriptional 
regulation of the bread wheat orthologs of the barley 
cleistogamy gene Cly1 
 
2.1. Introduction 
Along with rice and maize, wheat is the one of the world's major cereals. The diploid 
progenitor of the bread wheat (Triticum aestivum L.) A genome was Triticum urartu (Chapman et 
al. 1976) and that of the D genome was Aegilops tauschii (Kihara 1944); the progenitor of the B 
genome has yet to be established, but must have been an extant or extinct species belonging to 
the Sitopsis section of Aegilops (Riley et al. 1958; Petersen et al. 2006; Kilian et al. 2007). The 
hexaploidy of bread wheat has ensured that the majority of its single copy genes are represented 
as three similar (homoeologous) copies. A major consequence of the rather recent origin of the 
(AB) x D hybridization/polyploidization event (~10,000 years ago), followed by subsequent 
intensive farmer and breeder selection, is that the crop's genetic base is particularly narrow, 
implying a substantial level of vulnerability to fluctuations in environmental stress and pathogen 
variability (Nevo 2009, 2011; Fu and Somers 2009).  
The development of the angiosperm flower passes through three phases, namely meristem 
induction, determination of meristem identity and determination of floral organ identity (Coen 
and Meyerowitz 1991). The leading genetic model underlying this development postulates five 
classes of homoeotic genes, referred to as A through E (Theißen and Saedler 2001). Class A, B 
and E genes specify petals in the second whorl, and in the dicotyledonous species Arabidopsis 
thaliana, they all, except for the class A gene APETALA2 (AP2), encode a MADS box 
transcription factor. The monocotyledonous equivalent of the petal is the lodicule (Glover 2007), 
a pair of which forms at the base of the floret. Their expansion around the time of anthesis forces 
the lemma and palea apart, allowing first the emergence of the anthers and later that of the 
stigma (Heslop-Harrison and Heslop-Harrison 1996). If the lodicules fail to swell, gaping of the 
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floret does not generally occur until well after fertilization. In this situation, the exertion of the 
anther filament is restricted, and the pollen is shed within the closed floret.  
The barley (Hordeum vulgare L.) cleistogamy 1 gene encodes an AP2 protein (Nair et al. 
2010). The cleistogamous cly1 allele features a synonymous single nucleotide change within a 
specific microRNA (miR172) site. In cultivars carrying this allele, the lodicules fail to develop 
normally, resulting in a cleistogamous phenotype. MicroRNAs are small (~22nt) sequences 
which induce the degradation of a specific target mRNA and thereby inhibit translation. They 
have been implicated in a number of regulatory processes in both plant and animal cells (Bartel 
2009). Their specificity relies on their sharing sequence complementarity with their target 
mRNA. A number of AP2 genes are known to be regulated by miR172, largely via translational 
repression (Chen 2004; Chuck et al. 2007) induced following mRNA cleavage (Aukerman and 
Sakai 2003; Chen 2004). An analysis of allelic variation at Cly1 among a substantial number of 
barley accessions has shown that the two cleistogamous alleles detected both include a sequence 
variant within their miR172 target site; while one of these alleles originated in Northern Europe, 
the other appears to have arisen in the Western Mediterranean region (Nair et al. 2010). One of 
the major significant advantages of the cleistogamous phenotype has been highlighted by its 
pleoitropic effect on resistance to the pathogen causing the destructive disease fusarium head 
blight (FHB) in barley (Hori et al. 2005; Sato et al. 2008) and wheat (Kubo et al. 2010). 
Cleistogamy has been observed in wheat as well as in barley. A screen of T. durum 
accessions carried out by Sethi and Chhabra (1990) identified two sources, and further analysis 
showed that the trait was monogenic and recessive, was largely independent of the environment, 
and was caused by the under-development of the lodicules and the formation of a stiff perianth 
(Chhabra and Sethi 1991). While the mechanism underlying lodicule development in barley is 
now well understood, this is not the case for wheat. The aim of the present study was therefore to 
investigate whether the wheat orthologs of cly1 are key genes driving lodicule development and 
flower opening. Here, we describe the identification of the three wheat homoeologs of Cly1, 
along with their structure and transcription profile. An analysis of miR172-guided mRNA 
cleavage is also provided. 
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2.2. Materials and methods 
2.2.1. Plant materials and the measurement of lodicule size 
The bread wheat lines used are detailed in Table 1. The cultivar ‘Shinchunaga’ shows a level 
of resistance to FHB (Ban and Suenaga. 2000) and has high cross compatibility to rye (Ma et al. 
1996). Grain of cv. Chinese Spring (‘CS’) and its derived sets of nullisomic-tetrasomic (NT) and 
ditelosomic (Dt) lines (Sears 1954, 1966; Sears and Sears 1978), as well as 15 deletion lines 
stocks involving one of the homoeologous group 2 chromosomes (Figure 2) (Endo and Gill 
1996) were used to determine intrachromosomal locations. All the material was autumn-sown in 
the field at Tsukuba, Japan. Immediately prior to anthesis, three spikes per line (still attached to 
the peduncle and including the flag leaf) were detached and maintained in 100mg/l 2,4-D for 24h 
at room temperature to preserve the swollen state of the lodicules. This measure facilitated the 
assessment of lodicule width and depth. The lemma from the first floret of a spikelet in the 
middle portion of each spike was removed to permit the imaging of the lodicules. The resulting 
images provided a means of estimating lodicule width and depth with the aid of Makijaku v1.1 
software (cse.naro.affrc.go.jp/iwatah).  
 
2.2.2. PCR primer design, amplification and amplicon sequencing  
Genomic DNA was extracted from young leaves according to Komatsuda et al. (1998). 
Relevant PCR primers were designed based on the barley Cly1 sequence using either Oligo 6 (W. 
Rychlick, National Bioscience, Plymouth, MN, USA) or DNAMAN v6.0 (Lynnon Biosoft, 
Quebec, Canada) software. Amplification of the DNA was carried out in 10μl reactions under 
conditions detailed in Supplementary Table 1. Each reaction was exposed to an initial 
denaturation (94°C/5min), followed by 30 cycles of 94°C/30-60 s, 57-68°C 
(primer-dependent)/30-60s, 72°C/30-120s, and a final extension of 72°C/7-10min. The resulting 
amplicons were electrophoresed through 1.0-3.0% (amplicon-dependent) agarose (Iwai Kagaku, 
Tokyo) in 0.5×TBE, and visualized by EtBr staining. Amplicons were then purified using a 
QIAquick PCR purification kit (QIAGEN, Germantown, MD, USA) and cycle sequenced using 
Big Dye Terminator technology (Applied Biosystems, Foster, CA, USA). The sequencing 
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reactions were purified by Agencourt CleanSEQ (Beckman, Beverly, MA, USA) and analysed 
with an ABI prism 3130 genetic analyzer (Applied Biosystems). Sequence data were aligned 
using DNAMAN v6.0 software. 
 
2.2.3. Bacterial artificial chromosome (BAC) library analysis and annotation 
A BAC library made from cv. ‘CS’ (obtained from the John Innes Center Genome 
Laboratory) was screened using PCR, and positive BAC clones were sequenced according to 
Ishikawa et al. (2009) and Wu et al. (2002). Repetitive element (retrotransposons and DNA 
transposons) sequence was excluded by Repeat Masker 
(http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker) analysis, and the remaining sequence 
subjected to in silico gene prediction, based on GeneMark.hmm v2.2a 
(opal.biology.gatech.edu/GeneMark/eukhmm.cgi) software and the NCBI plant EST database 
(blast.ncbi.nlm.nih.gov/Blast.cgi). Softberry Bacterial Genome Explorer 
(linux1.softberry.com/berry.phtml) software was then used to allow the simultaneous comparison 
of distinct annotated genomes. 
 
2.2.4. Phylogenetic analysis 
Protein sequence data were aligned using ClustalW2 software 
(www.ebi.ac.uk/Tools/clustalw2/) and a phylogeny was inferred by applying the 
neighbor-joining method implemented in the software package MEGA v5 (Tamura et al. 2011). 
 
2.2.5. RNA extraction and cDNA synthesis 
Total RNA was extracted from the developing spikes of cv. ‘Shinchunaga’ sampled at the 
eight developmental stages defined by Kirby and Appleyard (1981), using the TRIzol reagent 
(Invitrogen, Carlsbad, CA). At the green anther stage, each spikelet was partitioned into the 
lemma (including awn), palea, lodicule, anther and pistil, and RNA was extracted separately 
from each of these, as well as from the glumes. First strand cDNA was synthesized from 5μg 
 12 
DNase treated total RNA by priming with oligo (dT), according to the Invitrogen RT-PCR 
first-strand synthesis protocol. 
 
2.2.6. Quantitative Real-Time PCR (qRT-PCR) 
The transcript abundance of each target was estimated by an analysis based on the StepOne 
Real-Time PCR system (Applied Biosystems) and THUNDERBIRD SYBR qPCR mix kit 
(Toyobo, Osaka) according to the manufacturers’ protocols. Each gene fragment (primers for 
their amplification given in Supplementary Table 1 and their genome specificity illustrated in 
Supplementary Figure 6) was inserted into pCR4-TOPO (Invitrogen), which was then used to 
generate a standard curve based on a dilution series (4.0×10
-2
 to 5.1×10
-7
ng plasmid for each of 
the three cly1 homoeolog sequences, and from 2.5 to 3.2×10
-5
ng for Actin) in order to estimate 
absolute quantification and the amplification efficiency of each primer pair (Supplementary 
Figure 7). At least three independent biological replicates were performed, and at least two 
technical replicates per biological replicate. A portion of the wheat Actin sequence (NCBI 
accession number CJ932475) was used as the reference sequence. 
 
2.2.7. Mapping the miR172-guided cleavage site 
Total RNA extracted from spikes at the terminal spikelet stage was subjected to an 
RNA-ligase mediated 5′ RACE (Kasschau et al. 2003) reaction, employing a GeneRacer kit 
(Invitrogen). This developmental stage was chosen because it is analogous to the stamen 
primordium stage in barley, which is when miRNA172-guided cleavage of Cly1 was detectable 
(Nair et al. 2010). The dephosphorylation and decapping steps were both omitted, so that only 
the 5′ ends of the truncated transcripts were ligated to the GeneRacer RNA oligomer. A nested 
PCR was based on a primer targeting the GeneRacer RNA oligomer, initially in combination with 
a gene-specific reverse primer, and subsequently with an internal gene-specific primer 
(Supplementary Table 1). The resulting amplicons were electrophoresed through 1% agarose, 
inserted into the TA vector (TOPO TA Cloning Kit, Invitrogen), and thence into E. coli (DH5α) 
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competent cells. Randomly selected clones (without any prior size selection) were chosen for 
DNA sequencing. 
 
2.3. Results 
2.3.1. Floret gaping and lodicule swelling in cv. ‘Shinchunaga’ 
The appearance of the pre-anthesis lodicules in cv. ‘Shinchunaga’ was normal, with the 
palea and lemma closely aligned with one another (Figure 1C, E). As anthesis approached, the 
lodicules became swollen (Figure 1B, D, F), thereby forcing open the floret. At the same time, 
the filaments elongated sufficiently to push the anthers out of the floret (Figure 1A), whereupon 
they dehisced and the pollen was shed. Between the day prior to anthesis and anthesis itself, 
lodicule width expanded from 0.7mm to 1.1mm (Figure 1C, D) and its depth from 0.4mm to 
1.2mm (Figure 1E, F). 
 
2.3.2. Isolation of the bread wheat cly1 homoeologs 
Based on the high level of sequence homology between the cv. ‘CS’ cDNA sequence 
AK331198 and Cly1, a pair of primers (F695 and R1428, see Supplementary Table 1) was 
designed to amplify the sequence lying between exons 2 and 6 (Nair et al. 2010), which 
produced a 760bp amplicon in cv. ‘CS’. When the cv. ‘CS’ BAC library was screened using the 
same primer pair, a 760bp amplicon was amplified from nine independent clones. When these 
clones were digested with HindIII, they formed three distinct contigs: the first of these involved 
clones WCS0770D05, WCS0842L23, WCS1336M06 and WCS1899I02, the second 
WCS0173D15, WCS1225B11 and WCS1471K05, and the third WCS0049K23 and 
WCS0230G03 (Supplementary Figure 1). When the sequences of the nine 760bp amplicons were 
aligned with one another, three haplotypes were evident. Both these results implied the presence in 
the bread wheat genome of three Cly1 homoeologs. One member of each BAC group 
(WCS0842L23, WCS1471K05 and WCS0049K23) was taken forward for full sequencing. The 
length of the WCS0842L23 sequence was 111.5kb (DDBJ accession number AB749308), that of 
WCS1471K05 was 97.5kb (AB749309), and that of WCS0049K23 152.3kb (AB749310). A 
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highly conserved AP2-like sequence was present in each (Supplementary Tables 2 to 4, accession 
numbers AB749308 to AB749310). The other regions in the three BACs which shared appreciable 
homology with one another comprised retrotransposon and DNA transposon sequence 
(Supplementary Figure 2, Supplementary Tables 2-4). 
The chromosomal origin of the three BACs was explored using a standard aneuploid analysis 
based on the cv. ‘CS’ NT, Dt and deletion lines. For this purpose, a set of BAC-specific primer 
pairs targeting the region flanking the miR172 site was designed (Supplementary Table 1, 
Supplementary Figure 3). Primer pair F-est1320 / L3721A19 (targeting WCS0842L23) generated 
an identical size amplicon whether the template was WCS0842L23 or genomic DNA from cv. 
‘CS’. Among the aneuploid lines, the only ones which did not amplify this fragment were 
N2AT2D, Dt2AS and the 2A deletion lines lacking the distal end of the long arm (Supplementary 
Figure 4). This allowed the origin of the WCS0842L23 sequence to be assigned to the distal 
(sub-telomeric) region of the long arm of chromosome 2A, so that the AP2-like gene present on 
this BAC was designated TaAP2-A (Figure 2). In the same way, the Cly1 ortholog present on 
WCS1471K05 was located to the sub-telomeric region of chromosome arm 2BL (Supplementary 
Figure 4) and designated TaAP2-B (Figure 2), and the one on WCS0049K23 to the sub-telomeric 
region of 2DL (Supplementary Figure 4) and designated TaAP2-D (Figure 2).  
 
2.3.3. Structure of the TaAP2 homoeologs 
Genome-specific primers were designed from an alignment of the three TaAP2 gene 
sequences obtained from the BAC clones (Supplementary Table 1) in order to amplify the 
corresponding gDNA and cDNA copies in both cv. ‘Shinchunaga’ (accession numbers 
AB749305 to AB749307) and cv. ‘CS’ (accession numbers AB749311 to AB749313). All three 
homoeologs comprised ten exons (Supplementary Figure 5). A sequence comparison between 
each cv. ‘CS’ and cv. ‘Shinchunaga’ homoeolog with that of the Cly1 (non-cleistogamous) barley 
allele showed that nucleotide identity ranged from 79.4 to 81.0% in the gDNA and 90.2 to 91.2% 
in the coding sequence. At the peptide level, the homology range was 88.3-89.1% (Table 2).  
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The cv. ‘Shinchunaga’ TaAP2 products shared key conserved sequence features with both 
barley Cly1 (ACY29532) and A. thaliana AP2 (NP195410) (Jofuku et al. 1994, Tang et al. 2007) 
(Figure 3), namely a highly basic ten residue nuclear localization signal, and two AP2 domains 
each comprising two copies of a 68 residue direct repeat, the AASSGF box (corresponding to the 
miR172 target site) and three other motifs (motifs 1 to 3). All these motifs were highly conserved 
among the grasses. There was no variation for any of these features among the three TaAP2 
homoeologs present in cvs. ‘CS’ and ‘Shinchunaga’. Comparison between the deduced cv. ‘CS’ 
and cv. ‘Shinchunaga’ TaAP2-A sequences showed that the former differed from the latter by a 
run of five, rather than eight proline residues around position 435 (Figure 3); the same 
comparison involving the two TaAP2-B sequences identified no polymorphisms whatsoever, 
while the cv. ‘CS’ TaAP2-D sequence differed from that of its cv. ‘Shinchunaga’ homolog at 
positions 108 (G/V), 329 (E/D) and 436 (L/P), featured an extra proline residue between 
positions 440 and 441, and had a string of seven (rather than five) alanine residues around 
position 353.  
Resequencing of the three TaAP2 homoeologs from six other wheat cultivars showed that at 
TaAP2-A, cvs. KU-515, Fukuho Komugi and Norin 61 were identical with the cv. ‘Shinchunaga’ 
type, carrying a GCCGCCGCC insertion in exon 10 (encoding three prolines), while cvs. 
KU-163, KU-165 and KU-265, like cv. ‘CS’, lacked this insert. The only polymorphism among 
the TaAP2-B sequences was a G/A variant in intron 4 in cv. Fukuho Komugi. All six TaAP2-D 
sequences were identical to that present in cv. ‘Shinchunaga. 
 
2.3.4. Phylogeny of the TaAP2 homoeologs 
A protein-based phylogeny (Figure 4) showed that the three cv. ‘Shinchunaga’ products 
were highly similar both to one another, to that of the non-cleistogamous barley Cly1 protein 
(Nair et al. 2010) and to the rice SHAT1 (OsAP2) protein (Zhou et al. 2012). This cluster of 
cereal sequences was less strongly related to those of the two A. thaliana proteins AP2 
(NP195410) and TOE3 (NP201519) (an ethylene-responsive transcription factor), Brassica 
napus APETALA2 (ADU04499), Betula platyphylla APETALA2 (AEL29576) and Ricinus 
communis putative APETALA2 (XP002534399) (data not shown). The product of the wheat 
 16 
gene Q and that of its two homoeologs, together with barley HvAP2-like, were phylogenetically 
closely related to one another, but clearly belong to a distinct lineage, along with the maize 
proteins IDS1 and SID1, and the rice protein SNB.  
 
2.3.5. Transcription profiling of the TaAP2 homoeologs 
The transcription profiles of each of the three TaAP2 genes carried by cv. ‘Shinchunaga’ 
were explored using qRT-PCR, based on TaAP2 homeolog-specific primer pairs (Supplementary 
Figure 6). Performing qRT-PCR allowed for a direct comparison of TaAP2 mRNA copy number 
within each given biological sample. The transcription of TaActin was stable throughout spike 
development, and was used as a reference to compare TaAP2 mRNA transcript abundance 
between different stages and different organs. The analysis revealed that each homoeolog was 
transcribed throughout spike development (from the glume promordium stage to anthesis) 
(Figure 5A). The abundance of the TaAP2-A and TaAP2-B transcript between the green anther 
stage and anthesis was about double that observed earlier during development, but that of 
TaAP2-D remained throughout at a rather constant level below that of either TaAP2-A or 
TaAP2-B). All three homoeologs were also transcribed at the green anther stage in each of the 
floral organs sampled (lemma, palea, lodicule, anther, pistil and glume). The transcript 
abundance of TaAP2-A and TaAP2-B in the lodicule was more than double that in any other 
organ. 
 
2.3.6. miR172-guided cleavage of TaAP2 transcript 
All six TaAP2 sequences (three each in each of the two cultivars) shared the identical 
miR172 targeting site sequence (Supplementary Figure 5). The modified 5’ RACE experiment 
carried out to detect miR172-guided cleavage was expected to generate fragments of sizes 210bp, 
370bp and 255bp from, respectively, TaAP2-A, TaAP2-B and TaAP2-D. The derived sequences 
of the majority of 5’ RACE clones analysed were consistent with cleavage within the miRNA172 
targeting site. This applied to 39/64 TaAP2-A clones, 32/52 TaAP2-B clones and 17/43 TaAP2-D 
clones, with cleavage most frequently occurring between the A and U nucleotides (Figure 6), as 
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also occurs in Cly1 (Nair et al. 2010). The other clones comprised 3’ UTR sequence, consistent 
with random mRNA breakage, again as has been observed in barley (Nair et al. 2010). 
 
2.4. Discussion 
The three bread wheat TaAP2 genes all mapped to the distal region of the long arm of the 
group 2 chromosomes (Figure 2), a region syntenous with that harboring Cly1 in barley 
(Turuspekov et al. 2004). The three homoeologs share a highly similar structure to that of Cly1 
(Table 2, Figure 3), and their sequences are phylogenetically strongly related both to one 
another's and to that of Cly1 (Figure 4). Each was transcribed during spike development, and was 
particularly abundantly expressed in the lodicule (Figure 5B). The mRNA extracted at the 
terminal spikelet stage was effectively cleaved at the miR172 target site (Figure 6). Cleavage of 
HvAP2 mRNA was detectable only in non-cleistogamous cultivars (Nair et al. 2010), while here 
the proportion of cleaved mRNA in the non-clestogmaous cv. ‘Shinchunaga’ was significantly 
greater than zero, the level expected for a cleistogamous type (Nair et al. 2010). Thus it is clear 
that wheat TaAP2 and barley Cly1 represent a set of orthologous loci. As in barley, floret gaping 
in the non-cleistogamous wheat cv. ‘Shinchunaga’ was triggered by the expansion of the 
lodicules (Figure 1), so the implication is that TaAP2 and Cly1 share both structure and function.  
In barley, the only biologically significant difference between the Cly1 (non-cleistogamous) 
and the cly1 (cleistogamous) allele is the synonymous single nucleotide change at the 
miR172-targeting site; in the presence of the latter allele, miR172 is unable to cleave the relevant 
mRNA (Nair et al. 2010). The miR172 targeting sites in the TaAP2 genes (in both cv. 
‘Shinchunaga’ and cv. ‘CS’) as in Cly1 (e.g. in the non-cleistogamous barley cv. ‘Azumamugi’) 
are highly similar to one another; the exceptions relate to the second nucleotide, namely C in 
TaAP2-B but U in TaAP2-A, TaAP2-D and cly1 (Supplementary Figure 5). This nucleotide is also 
variable within barley, but variants are not associated with any suppression of miR172-guided 
cleavage and/or cleistogamy (Nair et al. 2010). As expected therefore, the three TaAP2 mRNAs 
were all readily cleaved by miR172 (Figure 6), consistent with the non-cleistogamous phenotype 
of cv. ‘Shinchunaga’.  
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A rational strategy for the induction of cleistogamy in bread wheat would be to identify 
naturally occurring or induced mutants at the miR172 targeting site for each TaAP2 homoeolog, 
and then to combine these within a single plant by conventional crossing. Since the primer sets 
developed here specifically amplify the miR172 targeting site from each homoeolog, their 
deployment should be effective for the detection of such variants in both hexaploid and tetraploid 
materials. No such variation was apparent among the TaAP2 alleles resequenced from eight 
cultivars, as might be expected from such a highly conserved sequence (Figure 7 and Nair et al. 
2010). The wheat cv. ‘U24’ is cleistogamous (Kubo et al. 2010), the frequency of floret gaping is 
low, its anther filaments do not elongate, and its anthers are not extruded (unpublished data). 
However, because its lodicules are fully swollen at anthesis, its TaAP2 alleles were not 
considered for resequencing in the present study. We were unable to access grain of the two 
cleistogamous T. durum accessions reported by Chhabra and Sethi (1991). In barley, two 
naturally occurring distinct cleistogamous alleles (cly1.b and cly1.c) have been identified, both of 
which are thought to be of relatively recent origin (Nair et al. 2010). The recessive nature of 
these mutants implies that their wheat equivalents may be represented in material which is 
phenotypically non-cleistogamous. The TILLING approach (Henikoff et al. 2004) could provide 
an attractive platform for detecting allelic variants. The abundance of TaAP2-D transcript was 
lower than that of either TaAP2-A or TaAP2-B throughout the development of the spike. It has 
been well established (Comai et al., 2000; Bottley et al., 2006; Shitsukawa et al. 2007; Zhang et 
al. 2011) that polyploidization results in an appreciable level of homoeolog silencing or 
re-functionalization. 
Site-specific DNA binding domains are favoured targets for certain genetic engineering 
strategies aiming at crop improvement. Site-specific nucleases have been designed by fusing the 
DNA cleavage domain of FokI and a custom-designed DNA binding domain, such as the C2H2 
zinc-finger motif for zinc finger nucleases (ZFNs) (Urnov et al. 2010) and the truncated 
transcription activator-like effector (TALE) domain for TALE nucleases (Miller et al. 2011). 
Both ZFNs and TALE nucleases induce double-strand breaks at a target locus, which are 
subsequently repaired by error-prone non-homologous end-joining; the intention is to induce 
small indels at the breakage site, thereby enabling targeted mutagenesis to be applied in 
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non-model organisms (Wood et al. 2011). The approach could lend itself readily to engineering 
the miR172 targeting site in wheat. An alternative approach could be to attempt the modification 
of the miR172 gene. One possibility, already pioneered in both maize (Chuck et al. 2007) and 
barley (Brown and Bregitzer 2011), could be to induce the insertion of a copy of a Ds transposon 
into miR172 , with the intention of down-regulating its transcription. Based on its homology to 
maize IDS1 and the similarity of the maize ts4 mutant to the miR172 mutant (Brown and 
Bregitzer 2011), the barley Cly1 and AP2-like gene are both likely targets of miR172. By 
inference, its targets in wheat include both TaAP2 and the major domestication gene Q. Q and its 
homoeoloci form a sister clade along with barley HvAP2-like (Figure 4). Q is responsible for the 
free-threshing trait (as well as acting pleiotropically on a number of other characters). One of its 
two homoeologs has evolved into a pseudogene and the other has been sub-functionalized 
(Simons et al. 2006; Zhang et al. 2011). The Q sequence includes a 21nt miR172 targeting site in 
exon 10 (Zhang et al. 2011), suggesting its regulation by this miRNA. The miR172 target site 
within the A, B and D genome Q homoeologs is perfectly complementary to miR172 except for a 
single nucleotide mismatch at position 15 of the miRNA binding site. The mismatch is 
completely conserved among the cereals, suggesting a likely role in mRNA cleavage (Nair et al. 
2010). All Q alleles resequenced to date include a single nucleotide variant of C to U at position 
20 of the miRNA binding site (Simons et al. 2006, Zhang et al. 2011). TamiR172a and c enjoy 
near perfect complementarity to their respective mRNA targets, and so are expected to be 
effective as cleavage agents (Figure 7). Mutation in miR172 genes may disrupt the functionality 
of Q as does Ds transposition into HvmiR172 on HvAP2-like in barley (Brown et al. 2011). If it 
also disrupted genes within the ABCDE network, then modifying the TamiR172 genes would not 
be an attractive approach for engineering cleistogamy in wheat. Instead, altering the miR172 
targeting site in TaAP2 might represent a less risky way of achieving this goal. 
FHB can be a devastating disease of wheat (Snijders 1990; Parry et al. 1995; McMullen et 
al. 1997). As for most plant diseases, a rational control strategy should take advantage of 
genetically based resistance, and because the pathogen commonly enters the host through the 
floret around the time of anthesis, a plant with a flowering habit involving minimal floret gaping 
is more likely to escape infection than one in which the floret gapes (Gilsinger et al. 2005; Kubo 
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et al. 2010). Furthermore, as genetic modification (GM) technology becomes more widely 
exploited in crop breeding, controlling gene flow between GM and non-GM cultivars needs to be 
managed. Although wheat is a predominantly self-pollinating species (De Vries 1971), its pollen 
can move up to 2.75km from its source (Matus-Cádiz et al. 2007). Cleistogamy delivered by 
allelic variation at the TaAP2 homoeologs would simultaneously improve the resistance of the 
crop to FHB and minimize the risk of pollen-mediated gene flow between GM and non-GM 
wheat cultivars. 
 
2.5. Summary 
The majority of genes present in the hexaploid bread wheat genome are present as three 
homoeologs. Here, we describe the three homoeologous orthologs of the barley cleistogamy 
gene Cly1, a member of the AP2 gene family. As in barley, the wheat genes (designated TaAP2-A, 
-B and -D) map to the sub-telomeric region of the long arms of the group 2 chromosomes. The 
structure and pattern of transcription of the TaAP2 homoeologs were similar to those of Cly1. 
Transcript abundance was high in the florets, and particularly in the lodicule. The TaAP2 
message was cleaved at its miR172 target sites. The set of homoeolog-specific PCR assays 
developed will be informative for identifying either naturally occurring or induced cleistogamous 
alleles at each of the three wheat homoeologs. By combining such alleles via conventional 
crossing, it should be possible to generate a cleistogamous form of bread wheat, which would be 
advantageous both with respect to improving the level of the crop's resistance against the 
causative pathogen of fusarium head blight, and for controlling pollen-mediated gene flow to and 
from genetically modified cultivars. 
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2.6. Figures and tables 
 
 
A 
E F 
lo lo 
Fig. 1 Lodicule development in bread wheat cv. ‘Shinchunaga’. (A, B) Gaping of the floret and anther 
exertion at anthesis. The double headed arrows indicate (C, D) the width, and (E, F) the depth of the 
lodicule. gl: glume, le: lemma, pa: palea, lo: lodicule. (Bar represents 1cm in A, 1mm in B to F) 
C D 
lo lo 
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gl 
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pa 
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Fig. 2 The intra-chromosomal location of the TaAP2 homoeologs. The C-banding karyotype of 
cv. ‘CS’ taken from Endo et al. (1996). Deletion breakpoints (arrowed) defined by the associated 
fraction length (FL). TaAP2 genotyping profiles shown in Supplementary Figure 4. 
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Fig. 4 Phylogeny of A. thaliana, rice, maize, wheat cv. ‘Shinchunaga’ and barley cv. Azumamugi AP2 
homologs obtained using the neighbor-joining method. Only bootstrap values >50%, as calculated 
from 1,000 replicates, are shown. 
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Fig. 5 Transcription profiling of TaAP2 homoeologs in wheat cv. ‘Shinchunaga’. (A) In the 
developing spikes (1: glume primordium stage, 2: lemma primordium stage, 3: floret primordium 
stage, 4: terminal spikelet stage, 5: white anther stage, 6: green anther stage, 7: yellow anther 
stage, 8: anthesis). (B) In various floral organs at the green anther stage. Actin was used as 
endogenous control. Mean ± S.E. of three biological replicates are shown. 
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Fig. 6 miR172-guided mRNA cleavage of TaAP2 mRNA. The 5’ termini of the cleaved products 
were identified using a modified 5’ RACE approach. Vertical arrows indicate the inferred 5’ 
termini of miR172-guided cleavage, and the number above each arrow the proportion of 
clones containing that site. The horizontal arrows refer to cleavage downstream of the miR172 
site. 
 27 
 
 
 
 
 
Fig. 7 miR172 target sites in AP2 and and AP2-like mRNA in barley and wheat. Wheat miRNA 
TamiR172a and c have 3′-5′ sequence complementarity to the binding site of AP2 and Q in barley 
and wheat. Sequence variants identified in bold. 
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Table 1. wheat materials used in this study
TaAP2-A TaAP2-B TaAP2-D
Shinchunaga obtained from S. Taketa, Okayama Univ., Japan AB749305 AB749306 AB749307
KU-515 Tibet, China AB761163 AB761180 AB761194
Fukuho Collection of Lab. of Genetics and Plant Breeding,  Facul. of Horticulture, Chiba  Univ., Japan AB761164 AB761188 AB761189
Norin 61 Collection of Lab. of Genetics and Plant Breeding,  Facul. of Horticulture, Chiba  Univ., Japan AB761165 AB761181 AB761190
KU-163 Collection of Col Agr. Hokkaido Univ., Japan AB761172 AB761176 AB761191
KU-165 Correns, Germany AB761159 AB761177 AB761192
KU-265 Collection of Lab. of Plant Breeding, Facul. of Agr., Kyoto Univ., Japan AB761160 AB761179 AB761193
Chinese spring Strain ID: LPGKU2269 from National Bioresource Project (NBRP) of Japan AB749311 AB749312 AB749313
The lines starting with the code KU were kindly provided by National Bioresource Project (NBRP) of Japan.
Lines Origin or Source
GenBank Accession No.
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Table 2. Homology between Cly1  and its bread wheat orthologs in both cv. ‘Shinchunaga’ and cv. ‘CS’.
 Accession No.
Length GC No. No. Identity Length GC Identity Length MW PI Identity 
(bp) (%) introns   exons  (%) (bp) (%) (%)  (aa)  (KDa) (%)
Cly1 2691 60.8 9 10 100 1464 70.5 100 487 51.7523 7.18 100 GQ403050
TaAP2-A 2652 62.1 9 10 79.6 1431 71.3 90.7 476 50.2802 7.47 88.6 AB749305
TaAP2-B 2706 61.9 9 10 80.0 1455 71.1 90.2 484 51.0657 7.14 89.1 AB749306
TaAP2-D 2755 60.7 9 10 81.0 1452 71.4 90.4 483 50.8095 7.11 89.0 AB749307
TaAP2-A 2643 62.0 9 10 79.4 1422 71.1 90.3 473 49.9889 7.47 88.3 AB749311 
TaAP2-B 2706 61.9 9 10 80.0 1455 71.1 90.2 484 51.0657 7.14 89.1 AB749312
TaAP2-D 2786 60.8 9 10 80.1 1461 71.7 91.2 486 51.0607 7.11 88.9 AB749313
Genomic DNA: From start to stop codons; ORF: Open reading frame; pl: isoelectric points
The percentage of identify was estimated by alignment of each sequences with the H. vulgare cv. AZ (GenBank: GQ403050)
H. vulgare cv. Azumamugi
T. aestivum  cv. Shinchunaga
T. aestivum cv. Chinese spring
Genomic DNA ORF Protein
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2.7. Supplementary figures and tables 
 
 
 
 
 31 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 2. BAC clones harboring TaAP2-A, TaAP2-B and TaAP2-D (highlighted in red). A number of 
conserved regions are located upstream of the TaAP2 loci (e.g., in WCS0842L23, which harbors TaAP2-A, from 
34-43kb, 84-85kb, 89.5-90.5kb, 92-95kb, 122-123kb and 135-139kb). The WCS0842L23 46-52kb region lies 
upstream of TaAP2-A, but downstream of the TaAP2 locus in both WCS1471K05 and WCS0049K23. Most of the 
conserved sequence comprises retrotransposons and DNA transposons. 
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Supplementary Figure 4. PCR-based aneuploid analysis used to determine the intra-chromosomal 
location of the TaAP2 homoeologs. 
34 
GCAGACCAGAGAGAGGCTAGAGGTGGACCGAAACATCGGACACCAAGCAGGGAGGAAGGA 60  
 
    AAGACGGCGGGCATGTGGGATCTCAATGACTCGCCGGCCGCCGAGGCGCCGCCGCTGTCC 120 
1               M  W  D  L  N  D  S  P  A  A  E  A  P  P  L  S   
 
    CCCTCCGTCGACGACTCCGGCGCCTCCTCCTCGTCCGCCGCCGCGGTCGTCGAGATACCC 180 
17  P  S  V  D  D  S  G  A  S  S  S  S  A  A  A  V  V  E  I  P   
 
    GACGACGCCGACGACGACTCCGCCGAGGCCGTCGTCACGCGCCAGTTCTTCCCCCCGGCC 240 
37  D  D  A  D  D  D  S  A  E  A  V  V  T  R  Q  F  F  P  P  A   
 
    GCCCCGGGCGAGGCCGCCGCCGGGAACGGCCGCGCCGCGTGGCTCCGCCTGGCCGGCGCC 300 
57  A  P  G  E  A  A  A  G  N  G  R  A  A  W  L  R  L  A  G  A   
 
    CCCGCGCCCGCCGTGGCCGCAGCAGCCGCCGGAGCAGGAGCAGCAGGAGGCCCCGCGGCT 360 
77  P  A  P  A  V  A  A  A  A  A  G  A  G  A  A  G  G  P  A  A   
 
    GCGGCGGCGGCCAAGAAGAGCCGGCGCGGGCCGCGGTCGCGCAGCTCGCAGTACCGCGGC 420 
97  A  A  A  A  K  K  S  R  R  G  P  R  S  R  S  S  Q  Y  R  G   
 
    GTCACCTTCTACCGCCGGACGGGGCGGTGGGAGTCGCACATATGGTAAGTCCCTCCTTCC 480 
117 V  T  F  Y  R  R  T  G  R  W  E  S  H  I  W                  
 
    CGCCCGCCCGCCCGCCGCCGTCTCTTTCCTTCCCTTTCCTTTCCTTTCTTGAGAGCTCAA 540 
 
    GGAAGGACGGACGGAAGGAGGGAGAGAGAGCGCCGCAGCCGCAGCTGCAGCAAAAGAAGA 600 
  
    GAAGAGAAAAGAAGATGGGTTTGGTATTGGATTCGTCTTGTTTTGGGCATTCCATGCCTC 660 
 
    TGCTCCTTTTGCCTTTCATAGCAACGTCCATCCTATCAAACTTATTCTCCCTCCTTCCTT 720 
 
    CCGTGTTTCTCTCTCTCTCTTCCTCTCTTCTCACGCTTCTCTCTCCCCCATTCTTTTGCG 780 
 
    CAATGCAGGGATTGCGGCAAGCAGGTCTATCTGGGTAAGTTTCCTCCATCTCCATCTTGT 840 
132          D  C  G  K  Q  V  Y  L  G                           
 
    CCATACGTCCATACGGATCGGCCGCCAATTTGCGGCCGGCCGGCGGTTTTCCGTTCCCAA 900 
 
    TTCCTCACAATGGCTCGGCGAATTGCAGGAGGATTCGACACTGCTCATGCGGCGGCTCGG 960 
141                               G  F  D  T  A  H  A  A  A  R   
 
    TACGATAAAGATTTCACGCCAGCAGATTTGATATAGTAACAATCAAGCTCTGTTCTTTCC 1020 
 
    TGATTTCGTTATCATGTGTTTGCGGGCGCAGGGCGTACGATCGGGCGGCGATCAAGTTCC 1080 
151                                 A  Y  D  R  A  A  I  K  F  R 
 
    GCGGCATGGAGGCCGACATCAACTTCAGCCTGGAGGATTACGACGACATCAAGCAGGTGA 1140 
161   G  M  E  A  D  I  N  F  S  L  E  D  Y  D  D  I  K  Q       
    GCCCGACCCGATCAATCAACACGAACAAAAGTGCTTCCTGTTGGCAGATTCGGATCGTAA 1200 
 
35 
    CCTGTAATTGGCCTTGCAGATGGGCAACCTGACCAAGGAGGAGTTCGTCCACGTGCTCCG 1260 
179                    M  G  N  L  T  K  E  E  F  V  H  V  L  R  
  
    GCGGCAGAGCACGGGGTTCCCCCGGGGGAGCTCCAAGTACAGGGGCGTCACGCTCCACAA 1320 
193  R  Q  S  T  G  F  P  R  G  S  S  K  Y  R  G  V  T  L  H  K  
 
    GTGCGGCAGGTGGGAGGCGCGGATGGGCCAGTTCCTCGGCAAGAAGTATGTACCACCATC 1380 
213  C  G  R  W  E  A  R  M  G  Q  F  L  G  K  K                 
 
    GCTCTCCTCCTAGCTCCCTCCTCCAATCGATCACTTGAGTGTCTGCTTCCCCCTGTCGTT 1440 
 
    GCACTCAAAGTGGCAGCATCTCTCCCTGCTCCATGGCATGGCAGTGGCACTAATGGGACT 1500 
 
    TGCGCATCGCAGGTACGTCTACTTGGGGCTGTTCGATACCGAGGAGGAAGCCGCCAGGTA 1560 
228              Y  V  Y  L  G  L  F  D  T  E  E  E  A  A  R     
   
    GTAAAAACTGAAAAATTATTGGGCCGTGCACTGTGCGCGTGTCCTCTCCTCCTCCCTCCA 1620 
 
    TTGCTGTTCGTAGCTGGCTTTAGCTTTGCCGGGGTTGGGCGGTGAACTGATTGATGTCTC 1680 
 
    GTGTGTCTCTGGGCGCTGTCGGGCAGGTCGTACGACCGCGCTGCCATCAAGTGCAACGGC 1740 
243                            S  Y  D  R  A  A  I  K  C  N  G   
 
    AAGGATGCGGTGACAAACTTCGATCCCAGCACCTACGCCGAGGAGTTCGAGCCAGCGGGT 1800 
254 K  D  A  V  T  N  F  D  P  S  T  Y  A  E  E  F  E  P  A  A    
 
    CAGCAGTCCATGGATCTTAATTAATCCCGCACTGTTCATCCGTGGTCCGATTTGGCAACC 1860 
 
    ATGGGATTATGCAGTAGTATATCTTCATCTTGATGTTGATCTTGGGTGGACAATGCTCTG 1920 
 
    GCAGCCTCGACGGGCGACGCGGAGCAGAACCTGGACCTGTCGCTGGGGAGCTCGGGGGGG 1980 
274       S  T  G  D  A  E  Q  N  L  D  L  S  L  G  S  S  G  G   
 
    TCCAACAAGAGGGGCAGCCTCGACGGCGGCGGCGGCGACGACGAGGGCGCGGCGGGGTCC 2040 
292 S  N  K  R  G  S  L  D  G  G  G  G  D  D  E  G  A  A  G  S   
 
    GACCAGCGCGTGCCCATGGCCTTCGAGCTCGACTGGCAGACGGCGCGGAGCACCAAGGCC 2100 
312 D  Q  R  V  P  M  A  F  E  L  D  W  Q  T  A  R  S  T  K  A   
 
    AAGGTACACGCCGCCACTTGGCCCTAGGACATAGTAGTATAATGGAGCGTTGGAAAGCTG 2160 
332 K                                                              
    
    AAAATGGGTTTGATTTGCTATGCAGTTCGACCAGAACTCGACGCATCGCCAGATGCCCCC 2220 
333                          F  D  Q  N  S  T  H  R  Q  M  P  P  
 
 
    TCCCGCCCTGCAAGCCTCCCACATGGCCTTCAGCCCCAGGCAGCACCAAGTGGGTACTTT 2280 
345  P  A  L  Q  A  S  H  M  A  F  S  P  R  Q  H  Q              
 
    TGCCGTTCAAAACTTGGAGGCTTCTTCCCGAATTGTCTATTCTCCTCTTGGTGGGCGCGA 2340 
36 
 
    ACTAACAGTGATTGTTTGGTGCAAATTGCGCAGTTCATGGGCAGCGCCGATCCGGGGACC 2400 
361                                  F  M  G  S  A  D  P  G  T   
   
    GCGGGGGGCCTGTCGCTGACGGTCGGCGCCGGCGCCGGCGGGTTGGCCGGGCACTGGCCT 2460 
370 A  G  G  L  S  L  T  V  G  A  G  A  G  G  L  A  G  H  W  P   
 
    CCGCACCACCAATACCAGCCGCCGCCGCCGCCGCCGCCTCCGCAGCAGCAGCAGAGGATG 2520 
390 P  H  H  Q  Y  Q  P  P  P  P  P  P  P  P  Q  Q  Q  Q  R  M   
 
    CACGGCTGGGGCAACGTCGTGCCCGGCAGGAGCTGGCAGCCGCCTCAGCCGCCGCCGCAC 2580 
410 H  G  W  G  N  V  V  P  G  R  S  W  Q  P  P  Q  P  P  P  H   
 
    CACCAGGCGGGTCCGCCGCCGAACAACGCTGCCGCCGCCGCAGCAGCAGCTGCAGCATCA 2640 
430 H  Q  A  G  P  P  P  N  N  A  A  A  A  A  A  A  A  A  A  S   
 
    TCACGATTCCCACCCTACATCGCCGCGCAGGCGCAGAGCTGGCTCCAGAAGAACGGCTTC 2700 
450 S  R  F  P  P  Y  I  A  A  Q  A  Q  S  W  L  Q  K  N  G  F   
 
    CACTCCCTGGCCAGACCCACCTAAGCTTGCCAGCTCCACCACCGCGCACCGCGTTCATCC 2760 
470 H  S  L  A  R  P  T  *                                        
    
    ACCATCCATGGCGAAGATCGGTCCACCGAACCAGGCGAGATCACGGAGGAGCATGGG    2817 
 
 
 
A. TaAP2-A of Shinchunaga. 
37 
    AGAGCAGGGCAGAGGGAGGCGTAGGGGTGGACCGAAACGTCGGACAGCAAGCAGGGAGGA 60 
  
 
    AGGGAAGACGGCCGGCATGTGGGATCTCAATGACTCGCCGGCCGCCGAGGCGGCACACGC 120 
1                   M  W  D  L  N  D  S  P  A  A  E  A  A  H  A  
 
    GCCGCTGTCCCCCTCCGTCGACGACTCCGGCGCCTCATCCTCCTCGGCCGCCGCGGTGGT 180 
16   P  L  S  P  S  V  D  D  S  G  A  S  S  S  S  A  A  A  V  V  
 
    GGAGATACCCGACGACGGCGAGGACGACTCCGCCGAGGCCGTCGTCACGCGCCAGTTCTT 240 
36   E  I  P  D  D  G  E  D  D  S  A  E  A  V  V  T  R  Q  F  F  
 
    CCCCCCGGCCGCCCCGGGCGAGGGCGCCGCCGGGAACGGCCGCGCGGCGTGGCTCCGCCT 300 
56   P  P  A  A  P  G  E  G  A  A  G  N  G  R  A  A  W  L  R  L  
 
    GGCCGGCGCTCCCGCGCCCGCCGTGGCCGCAGCTGCCGCGGCCGCCGCAGGAGGAGGAGG 360 
76   A  G  A  P  A  P  A  V  A  A  A  A  A  A  A  A  G  G  G  G  
 
    AGGAGGAGGCGGAGGCCCCGCGGCGTCGGCGGCGGCCAAGAAGAGCCGGCGCGGGCCGCG 420 
96   G  G  G  G  G  P  A  A  S  A  A  A  K  K  S  R  R  G  P  R  
 
    GTCGCGCAGCTCGCAGTACCGCGGCGTCACCTTCTACCGCCGGACGGGCCGGTGGGAGTC 480 
116  S  R  S  S  Q  Y  R  G  V  T  F  Y  R  R  T  G  R  W  E  S  
 
    GCACATATGGTAAGTTCCCGCCGCCGCTTCTTTCCTTCCCTTTCCTTTCTTGAGAGCTTA 540 
136  H  I  W                                                     
 
    AGGAAGGAGAAGGTGAAAGAGCGCCGCAGCAGCAGCAAAAGAAGAGAAGAGAAAAGAAGA 600 
 
    TGGGTTTGGTATTGGATTCGTCTTGTTTTGGGCATTCCATGCCTCTGCTCCTTTTGCCTT 660 
 
    TCATAGCAACGTCCATCTCATCAAACTTATTCTCCTTCCTTCCTTCCTTCCTTCCGTGTT 720 
 
    TCTCTCTCTTCTCCCCTCTCCTCTTCTCTTATCTTCTCCTCTCACGCTTCTCACGCTCTC 780 
 
    CCCCCATTCTTTTGCGCAATGCAGGGATTGCGGCAAGCAGGTCTATCTGGGTAAGTTTCC 840 
139                          D  C  G  K  Q  V  Y  L  G           
 
    TCCATCTCCAACATGTCCATACATCCGGATCGGTCGCCAATTGGCGGCCGGCCGGCGTTT 900 
 
    TTCCGTTCCCAGTTCCTCACACTGGCTTTGCTCGGCTCGTCGCTCGCGAATTGCAGGAGG 960 
148                                                           G  
 
    ATTCGACACTGCTCATGCGGCGGCTCGGTACGATAAAGATTTCATGCCAACAGATTTGAT 1020 
149  F  D  T  A  H  A  A  A  R                                   
 
    ACACTGGTACCAATCAAGCTCTGTTCTTTCCTGATTTCTTTATCATTTGTTCGCGGGCGC 1080 
 
    AGGGCGTACGATCGGGCGGCGATCAAGTTCCGCGGCATGGAGGCCGACATCAACTTCAGC 1140 
158    A  Y  D  R  A  A  I  K  F  R  G  M  E  A  D  I  N  F  S  
38 
 
    CTGGAGGATTACGACGACATCAAGCAGGTGAGCCACACACCCGATCAACACTACTGGTTT 1200 
178 L  E  D  Y  D  D  I  K  Q                                    
 
    AGTGCTTCCTGTTTGCAGAATCTAATCGTAACCGGTGCTTGGCTTTGCAGATGGGCAACC 1260 
186                                                   M  G  N  L 
 
    TGACCAAGGAGGAGTTCGTCCACGTGCTCCGGCGGCAGAGCACGGGGTTCCCCCGGGGCA 1320 
190   T  K  E  E  F  V  H  V  L  R  R  Q  S  T  G  F  P  R  G  S 
 
    GCTCCAAGTACCGGGGCGTCACGCTCCACAAGTGCGGCAGGTGGGAGGCGCGGATGGGCC 1380  
210   S  K  Y  R  G  V  T  L  H  K  C  G  R  W  E  A  R  M  G  Q 
 
    AGTTCCTCGGCAAGAAGTATGTACTCCTCCTCCACCACCATCACCCTCCCTCCTCCAATC 1440 
230   F  L  G  K  K                                              
   
    CATGGCCTGAATTCCCCTGCGCCCGTCCGCTAGCCCCTGTCGTCGCACTCAAAGTGGCAG 1500 
 
    CATCTCTCTGCCGGCACGGCATGGCAGTGGCACTAATGAGACCTGTGTGCAACGCAGGTA 1560 
235                                                           Y  
   
    CGTCTACTTGGGGCTGTTCGATACCGAGGAGGAAGCCGCCAGGTAGTAGAAACGAACTCA 1620 
236  V  Y  L  G  L  F  D  T  E  E  E  A  A  R                    
 
    AAATTATTGGGCCGTGCACTGCACCGCATAGCTTTAGCTTCGCTCCTCTGGTGCTGGGCG 1680 
 
    GCGAACTGATTGATGTGTCTCGTGTCGTGTGTCTCTCTCTGGGCGCTGTCGGGCAGGTCG 1740 
250                                                          S   
 
    TACGACCGCGCGGCCATCAAGTGCAACGGCAAGGACGCGGTGACAAACTTCGATCCCAGC 1800 
252 Y  D  R  A  A  I  K  C  N  G  K  D  A  V  T  N  F  D  P  S   
 
    ACTTACGCCGAGGAGTTCGAGCCCACGGGTCAGTAGTACTAGTCCTTAATCCTGCACTGT 1860 
272 T  Y  A  E  E  F  E  P  T  A                                 
 
    TCATCCTCCGTGGTTTGATTTGGCAACCGTAGGATTGAGATTGATTATGCGGCGTGCGTG 1920 
 
    TCTTCCTGTTCATTCGTTCGCTGATCTTCTTGGGTGTGTGCACAATGCTCGACAGCTTCG 1980 
281                                                          S   
   
    GCCGGCGACGCCGAGCAGAACCTGGACTTGTCGCTGGGGAGCTCCGCGGGGTCCAACAAG 2040 
283 A  G  D  A  E  Q  N  L  D  L  S  L  G  S  S  A  G  S  N  K   
 
    AGGGGCAGCCTCGACGGCGGCGACGACGACGGCGCGGCCGGGCCCGACCAGCGCGTCCCC 2100 
303 R  G  S  L  D  G  G  D  D  D  G  A  A  G  P  D  Q  R  V  P   
 
  
323 ATGGCCTTCGAGCTCGACTGGCAGACGGCGGCGGCGCGGAGCACCAAGGCCAAGGTACGC 2160 
    M  A  F  E  L  D  W  Q  T  A  A  A  R  S  T  K  A  K         
  
39 
    GCCGCCGCAACTTTGACCCTCTGCAACAGCAGCAACTTCATAGTATAATCGGGCGTTGGA 2220 
  
    AAGCTGAAAGTGGGTTAATTTACTATGCAGTTCGACCAGAGCTTCACGCATCACCAGATG 2280 
340                               F  D  Q  S  F  T  H  H  Q  M   
  
    CCCCCTCCGCTCCTGCAAGCCTCCCACATGCCCTTCAGTCCCAGGCATCACCAAGTGGGC 2340 
350 P  P  P  L  L  Q  A  S  H  M  P  F  S  P  R  H  H  Q         
  
    ACTTTTTCCCATTCAAAGTTGGAAGAATTTTTCCATCTGCTCTTGGTAGGCGCGAACTGA 2400 
  
    CAGTGATTGTTTGGTGCAAACCGTGCAGTTCATGGGCAACGGTGATCCGGGGACAGCGGG 2460 
368                             F  M  G  N  G  D  P  G  T  A  G  
  
    AGGCCCGTCGCTGACGGTCGGCGCCGGCGGCGGGGGCGGGCACTGGCCCCTGCCTCCGCA 2520 
379  G  P  S  L  T  V  G  A  G  G  G  G  G  H  W  P  L  P  P  H  
  
    CCACCAATACCAGCCGCCGCCGCCTCCGCAGCAGCAGCAGCAGCAGCAGCAGAGGCTGCA 2580 
399  H  Q  Y  Q  P  P  P  P  P  Q  Q  Q  Q  Q  Q  Q  Q  R  L  H  
  
    TGGCTGGGGCAACGTCGTCCCCGGCACGAGCTGGCAGCCGCCCCAGCCGCCGCCGCACCA 2640 
419  G  W  G  N  V  V  P  G  T  S  W  Q  P  P  Q  P  P  P  H  H  
  
    CCAGGCGGGGCCGCCGCCGAACAACGCTGCCGCCGCCGCAGCAGCAGCCGCAGCATCATC 2700 
439  Q  A  G  P  P  P  N  N  A  A  A  A  A  A  A  A  A  A  S  S  
  
    ACGATTCCCACCCTACATCGCCACGCAGGCGCAGAGCTGGCTCCAGAAGAACGGGTTCCA 2760 
459  R  F  P  P  Y  I  A  T  Q  A  Q  S  W  L  Q  K  N  G  F  H  
     
    CTCGCTGGCCCGCCCCACCTAGGTACCCGGAGACCATCCGTCGAGAGCAGCCAGC       
2815 
479  S  L  A  R  P  T  *       
 
 
 
B. TaAP2-B of Shinchunaga. 
40 
    GCAAGCAGGGAGGGGAGCTAGCCAAGGAAGGACGGCGGGCATGTGGGATCTCAATGACTC 60 
1                                           M  W  D  L  N  D  S  
 
    GCCGGCGGCCGACGCGCCGCCGCTGTCCCCGTCCGTCGACGACTCCGGCGCCTCCTCCTC 120 
8    P  A  A  D  A  P  P  L  S  P  S  V  D  D  S  G  A  S  S  S  
 
    GTCGGCCGCCGCGGTGGTCGAGATACCCGACGACGCCGACGACGACTCCGCCGAGGCCGT 180 
28   S  A  A  A  V  V  E  I  P  D  D  A  D  D  D  S  A  E  A  V  
 
    CGTCACGCGCCAGTTCTTCCCCCCGGCCGCCCCGGGCGAGGGCGCCGCCGGCAACGGCCG 240 
48   V  T  R  Q  F  F  P  P  A  A  P  G  E  G  A  A  G  N  G  R  
 
    CGCGGCGTGGCTCCGCCTGGCCGGCGCCCCCGCGCCCGCCGTGGCCGCCGCAGCAGCCGC 300 
68   A  A  W  L  R  L  A  G  A  P  A  P  A  V  A  A  A  A  A  A  
 
    GGCCGCCGGAGGAGGAGGCGGAGGCCCCGCGGCGTCGGCGGCGGCCAAGAAGAGCCGGCG 360 
88   A  A  G  G  G  G  G  G  P  A  A  S  A  A  A  K  K  S  R  R  
 
    CGGGCCGCGGTCGCGCAGCTCGCAGTACCGCGGCGTCACCTTCTACCGCCGGACGGGGCG 420 
108  G  P  R  S  R  S  S  Q  Y  R  G  V  T  F  Y  R  R  T  G  R  
 
    GTGGGAGTCGCACATATGGTAAGTCCCTCCTTCCCGCCCGCCGCCGTCTCTTTCCTTTCC 480 
128  W  E  S  H  I  W                                            
 
    TTTCCTTTCCTTTCCTTTCTTGAGAGCTTAAGGAAGGAGAAGGAGAGAGAGCGCTGCAGC 540 
 
    AGTTGCAGCAGCAGCAGCAGCAAAAGAAGAGAAGAGAAAAGAAGATGGGTTTGGTATTGG 600 
 
    ATTCGTCTTGTTTTGGGCATTCCATGCCTCTGCTCCTTTTGCCTTTCATAGCAACGTCCA 660 
 
    TCTTATCAAACTTATTCTCCTCCCTCCCTTCCTTCCGTGTTTCTCTCTCTCTTCTCTTCT 720 
 
    CTTCTCTTCTCACGCGCTCATCTCTCTCCCCCATTCTTTTGCGCAATGCAGGGATTGCGG 780 
134                                                     D  C  G  
 
    CAAGCAGGTCTATCTGGGTAAGTTTCCTTCATCTCCATCTTGTCCATGCATACATATTTG 840 
137  K  Q  V  Y  L  G                                            
 
    GGCGCGGATCGATCGCCGATTGGCGGCCGGCCGGCGTTTTTCCCGTTCCCGATTCCTCAC 900 
 
    AATGTCACCGACGACTTGCAGGTGGATTCGACACTGCTCATGCGGCGGCTCGGTACGATA 960 
143                        G  F  D  T  A  H  A  A  A  R          
 
    AAGATTTGACATACTAGTACCAATCAAACTCTGTTCTTTCCTGATTTCTTTATCAATTAT 1020 
 
    CTGCGGCCGCAGGGCGTACGATCGGGCGGCGATCAAGTTCCGCGGCATGGAGGCCGACAT 1080 
153              A  Y  D  R  A  A  I  K  F  R  G  M  E  A  D  I  
 
    CAACTTCAGCCTGGAGGATTACGACGACATCAAGCAGGCGAGCCACCAGACCCGATCAAT 1140 
169  N  F  S  L  E  D  Y  D  D  I  K  Q                          
41 
 
    CAACACGAACAAAAGTGCTTCCTGTTAGCAGATTCGTAACGTGTTTAGCCACCCTGCTTT 1200 
   
    GCAGATGGGCAACCTGACCAAGGAGGAGTTCGTCCACGTGCTCCGGCGCCAGAGCACGGG 1260 
181     M  G  N  L  T  K  E  E  F  V  H  V  L  R  R  Q  S  T  G  
 
    GTTCCCCCGGGGCAGCTCCAAGTACAGGGGCGTCACCCTCCACAAGTGCGGCAGGTGGGA 1320 
200  F  P  R  G  S  S  K  Y  R  G  V  T  L  H  K  C  G  R  W  E  
 
    GGCGCGGATGGGCCAGTTCCTCGGCAAGAAGTATGTACTCCTCCTCCACCATCACTCTCC 1380 
220  A  R  M  G  Q  F  L  G  K  K                                
 
    TCCTAGCTCCCTCCTCCAATCGATCACTTGGATGTCTGCTTCCTCCTGTCGTTGCACTCA 1440 
 
    AAGTGGCAGCATCTCTCTGCCGGGCGGATGGCATGGCAGTGGCACTAATGGGACTTGTGT 1500 
 
    GCAACGCAGGTACGTCTACTTGGGGCTGTTCGACACCGAGGAGGAAGCCGCCAGGTAGTA 1560 
230           Y  V  Y  L  G  L  F  D  T  E  E  E  A  A  R        
   
    AAAACTGAAAAAATTATTGGGTCGTGCACTGTGCGCGTGTCCTCCCTCCATTGCTGTTGG 1620 
 
    CCGGGCAGCCATAGCTATAGCTTTAGCTTTGCTGGGGTTGGGCGGTGAACTGATTGATGT 1680 
 
    CTCGTGTGCCTCTGGGCGCTGTCGGGCAGGTCGTACGACCGCGCTGCCATCAAGTGCAAC 1740 
245                               S  Y  D  R  A  A  I  K  C  N   
   
    GGCAAGGATGCGGTGACAAACTTCGATCCCAGCACCTACGCCGAGGAGTTCGAGCCCGCG 1800 
255 G  K  D  A  V  T  N  F  D  P  S  T  Y  A  E  E  F  E  P  A   
 
    GGTCAGTAATAATCCATGGACGGATGCCTCTTAATTAGCTAGCATAATCGTGCACTGTTC 1860 
275 A                                                            
 
    ATCCGTGGTTTGATTTGGCAACCATGGGATTAATTATGCAGTAGTGTATATGTTTCTTGA 1920 
 
    TGTTCATTCATTCGCTGATCTTGATCTTGATCTTGGGTGGACAATGCTCTGCCAGCTTCG 1980 
276                                                          S   
 
    ACCGGCGACGCGGAGCAGAACCTGGACCTGTCGCTGGGGAGCTCGGGGGGCTCCAACAAG 2040 
277 T  G  D  A  E  Q  N  L  D  L  S  L  G  S  S  G  G  S  N  K   
 
    AGGGGCAGCCTCGACGGCGGCGGCGGCGGAGAAGACGACGGCGCGGCAGGGTCTGACCAG 2100 
297 R  G  S  L  D  G  G  G  G  G  E  D  D  G  A  A  G  S  D  Q   
 
    CGCGTCCCCATGGCCTTCGAGCTCGACTGGCAGACGGCGGCGGCGGCGGCACGGAGCACC 2160 
317 R  V  P  M  A  F  E  L  D  W  Q  T  A  A  A  A  A  R  S  T   
 
    AAGGCCAAGGTACACGCCGCCACTTGGCCCTGCAACAAACAACAACTATGTATGCATAGT 2220 
337 K  A  K                                                      
 
    ATAATCGGGCGTTGGAAAGCTGAAAATGGGTTTGATTTACTATGCAGTTCGACCAGAACT 2280 
42 
340                                                F  D  Q  N  L 
 
    TGACGCATCACCAGATGCCCCCTCCGGCCCTGCAAGCCTCCCACATGCCCTTCAGTCCCA 2340 
345   T  H  H  Q  M  P  P  P  A  L  Q  A  S  H  M  P  F  S  P  R 
 
    GGCACCACCAAGTGGGTACTTTTGCAGTTCAAAGTTCGAAGAATTTTTCCATCTGTTCTT 2400 
365   H  H  Q                                                    
 
    GGTGGGCGCGAGCTAACAGTGATTGTTTGGTGCAAATTGCGCAGTTCATGGGCAACGGCG 2460 
368                                             F  M  G  N  G  D 
 
    ATCCGGGGACCGCGGGAGGCCTGTCGCTGACGGTCGGCGCCGCCGGCGGGGGCGGGCACT 2520 
374   P  G  T  A  G  G  L  S  L  T  V  G  A  A  G  G  G  G  H  W 
 
    GGCCTCCGCCTCTGCACCACCAATACCAGCCGCCGCCGCCGCCTCTGCAGCAGCAGCAGC 2580 
394   P  P  P  L  H  H  Q  Y  Q  P  P  P  P  P  L  Q  Q  Q  Q  Q 
 
    AGCAGAGGCTGCACGGCTGGGGCAACGTCGTCCCCGGCACGAGCTGGCAGCCGCCTCAGC 2640 
414   Q  R  L  H  G  W  G  N  V  V  P  G  T  S  W  Q  P  P  Q  P 
 
    CGCCGCCGCACCACCAGGCGGGGCCGCCGCCGAACAACGCTGCCGCCGCCGCCGCAGCAG 2700 
434   P  P  H  H  Q  A  G  P  P  P  N  N  A  A  A  A  A  A  A  A 
 
    CTGCAGCATCATCACGATTCCCACCCTACATCGCCGCGCAGGCGCAGAGCTGGCTCCAGA 2760 
454   A  A  S  S  R  F  P  P  Y  I  A  A  Q  A  Q  S  W  L  Q  K 
 
    AGAACGGCTTCCACTCCCTGGCCCGACCCACCTAGCTTGCCAGAGAGACCATCAAGACCA 2820 
474   N  G  F  H  S  L  A  R  P  T  *                            
 
    GCTCCACC                                                    2828 
 
 
 
C. TaAP2-D of Shinchunaga. 
43 
GCAGACCAGAGAGAGGCTAGAGGTGGACCGAAACATCGGACACCAAGCAGGGAGGAAGGA 60  
 
    AAGACGGCGGGCATGTGGGATCTCAATGACTCGCCGGCCGCCGAGGCGCCGCCGCTGTCC 120 
1               M  W  D  L  N  D  S  P  A  A  E  A  P  P  L  S   
 
    CCCTCCGTCGACGACTCCGGCGCCTCCTCCTCGTCCGCCGCCGCGGTCGTCGAGATACCC 180 
17  P  S  V  D  D  S  G  A  S  S  S  S  A  A  A  V  V  E  I  P   
 
    GACGACGCCGACGACGACTCCGCCGAGGCCGTCGTCACGCGCCAGTTCTTCCCCCCGGCC 240 
37  D  D  A  D  D  D  S  A  E  A  V  V  T  R  Q  F  F  P  P  A   
 
    GCCCCGGGCGAGGCCGCCGCCGGGAACGGCCGCGCCGCGTGGCTCCGCCTGGCCGGCGCC 300 
57  A  P  G  E  A  A  A  G  N  G  R  A  A  W  L  R  L  A  G  A   
 
    CCCGCGCCCGCCGTGGCCGCAGCAGCCGCCGGAGCAGGAGCAGCAGGAGGCCCCGCGGCT 360 
77  P  A  P  A  V  A  A  A  A  A  G  A  G  A  A  G  G  P  A  A   
 
    GCGGCGGCGGCCAAGAAGAGCCGGCGCGGGCCGCGGTCGCGCAGCTCGCAGTACCGCGGC 420 
97  A  A  A  A  K  K  S  R  R  G  P  R  S  R  S  S  Q  Y  R  G   
 
    GTCACCTTCTACCGCCGGACGGGGCGGTGGGAGTCGCACATATGGTAAGTCCCTCCTTCC 480 
117 V  T  F  Y  R  R  T  G  R  W  E  S  H  I  W                  
 
    CGCCCGCCCGCCCGCCGCCGTCTCTTTCCTTCCCTTTCCTTTCCTTTCTTGAGAGCTCAA 540 
 
    GGAAGGACGGACGGAAGGAGGGAGAGAGAGCGCCGCAGCCGCAGCTGCAGCAAAAGAAGA 600 
  
    GAAGAGAAAAGAAGATGGGTTTGGTATTGGATTCGTCTTGTTTTGGGCATTCCATGCCTC 660 
 
    TGCTCCTTTTGCCTTTCATAGCAACGTCCATCCTATCAAACTTATTCTCCCTCCTTCCTT 720 
 
    CCGTGTTTCTCTCTCTCTCTTCCTCTCTTCTCACGCTTCTCTCTCCCCCATTCTTTTGCG 780 
 
    CAATGCAGGGATTGCGGCAAGCAGGTCTATCTGGGTAAGTTTCCTCCATCTCCATCTTGT 840 
132          D  C  G  K  Q  V  Y  L  G                           
 
    CCATACGTCCATACGGATCGGCCGCCAATTTGCGGCCGGCCGGCGGTTTTCCGTTCCCAA 900 
 
    TTCCTCACAATGGCTCGGCGAATTGCAGGAGGATTCGACACTGCTCATGCGGCGGCTCGG 960 
141                               G  F  D  T  A  H  A  A  A  R   
 
    TACGATAAAGATTTCACGCCAGCAGATTTGATATAGTAACAATCAAGCTCTGTTCTTTCC 1020 
 
    TGATTTCGTTATCATGTGTTTGCGGGCGCAGGGCGTACGATCGGGCGGCGATCAAGTTCC 1080 
151                                 A  Y  D  R  A  A  I  K  F  R 
 
    GCGGCATGGAGGCCGACATCAACTTCAGCCTGGAGGATTACGACGACATCAAGCAGGTGA 1140 
161   G  M  E  A  D  I  N  F  S  L  E  D  Y  D  D  I  K  Q       
    GCCCGACCCGATCAATCAACACGAACAAAAGTGCTTCCTGTTGGCAGATTCGGATCGTAA 1200 
 
44 
    CCTGTAATTGGCCTTGCAGATGGGCAACCTGACCAAGGAGGAGTTCGTCCACGTGCTCCG 1260 
179                    M  G  N  L  T  K  E  E  F  V  H  V  L  R  
  
    GCGGCAGAGCACGGGGTTCCCCCGGGGGAGCTCCAAGTACAGGGGCGTCACGCTCCACAA 1320 
193  R  Q  S  T  G  F  P  R  G  S  S  K  Y  R  G  V  T  L  H  K  
 
    GTGCGGCAGGTGGGAGGCGCGGATGGGCCAGTTCCTCGGCAAGAAGTATGTACCACCATC 1380 
213  C  G  R  W  E  A  R  M  G  Q  F  L  G  K  K                 
 
    GCTCTCCTCCTAGCTCCCTCCTCCAATCGATCACTTGAGTGTCTGCTTCCCCCTGTCGTT 1440 
 
    GCACTCAAAGTGGCAGCATCTCTCCCTGCTCCATGGCATGGCAGTGGCACTAATGGGACT 1500 
 
    TGCGCATCGCAGGTACGTCTACTTGGGGCTGTTCGATACCGAGGAGGAAGCCGCCAGGTA 1560 
228              Y  V  Y  L  G  L  F  D  T  E  E  E  A  A  R     
   
    GTAAAAACTGAAAAATTATTGGGCCGTGCACTGTGCGCGTGTCCTCTCCTCCTCCCTCCA 1620 
 
    TTGCTGTTCGTAGCTGGCTTTAGCTTTGCCGGGGTTGGGCGGTGAACTGATTGATGTCTC 1680 
 
    GTGTGTCTCTGGGCGCTGTCGGGCAGGTCGTACGACCGCGCTGCCATCAAGTGCAACGGC 1740 
243                            S  Y  D  R  A  A  I  K  C  N  G   
 
    AAGGATGCGGTGACAAACTTCGATCCCAGCACCTACGCCGAGGAGTTCGAGCCAGCGGGT 1800 
254 K  D  A  V  T  N  F  D  P  S  T  Y  A  E  E  F  E  P  A  A    
 
    CAGCAGTCCATGGATCTTAATTAATCCCGCACTGTTCATCCGTGGTCCGATTTGGCAACC 1860 
 
    ATGGGATTATGCAGTAGTATATCTTCATCTTGATGTTGATCTTGGGTGGACAATGCTCTG 1920 
 
    GCAGCCTCGACGGGCGACGCGGAGCAGAACCTGGACCTGTCGCTGGGGAGCTCGGGGGGG 1980 
274       S  T  G  D  A  E  Q  N  L  D  L  S  L  G  S  S  G  G   
 
    TCCAACAAGAGGGGCAGCCTCGACGGCGGCGGCGGCGACGACGAGGGCGCGGCGGGGTCC 2040 
292 S  N  K  R  G  S  L  D  G  G  G  G  D  D  E  G  A  A  G  S   
 
    GACCAGCGCGTGCCCATGGCCTTCGAGCTCGACTGGCAGACGGCGCGGAGCACCAAGGCC 2100 
312 D  Q  R  V  P  M  A  F  E  L  D  W  Q  T  A  R  S  T  K  A   
 
    AAGGTACACGCCGCCACTTGGCCCTAGGACATAGTAGTATAATGGAGCGTTGGAAAGCTG 2160 
332 K                                                              
    
    AAAATGGGTTTGATTTGCTATGCAGTTCGACCAGAACTCGACGCATCGCCAGATGCCCCC 2220 
333                          F  D  Q  N  S  T  H  R  Q  M  P  P  
 
 
    TCCCGCCCTGCAAGCCTCCCACATGGCCTTCAGCCCCAGGCAGCACCAAGTGGGTACTTT 2280 
345  P  A  L  Q  A  S  H  M  A  F  S  P  R  Q  H  Q              
 
    TGCCGTTCAAAACTTGGAGGCTTCTTCCCGAATTGTCTATTCTCCTCTTGGTGGGCGCGA 2340 
45 
 
    ACTAACAGTGATTGTTTGGTGCAAATTGCGCAGTTCATGGGCAGCGCCGATCCGGGGACC 2400 
361                                  F  M  G  S  A  D  P  G  T   
   
    GCGGGGGGCCTGTCGCTGACGGTCGGCGCCGGCGCCGGCGGGTTGGCCGGGCACTGGCCT 2460 
370 A  G  G  L  S  L  T  V  G  A  G  A  G  G  L  A  G  H  W  P   
 
    CCGCACCACCAATACCAGCCGCCGCCGCCTCCGCAGCAGCAGCAGAGGATGCACGGCTGG 2520 
390 P  H  H  Q  Y  Q  P  P  P  P  P  Q  Q  Q  Q  R  M  H  G  W   
 
    GGCAACGTCGTGCCCGGCAGGAGCTGGCAGCCGCCTCAGCCGCCGCCGCACCACCAGGCG 2580 
410 G  N  V  V  P  G  R  S  W  Q  P  P  Q  P  P  P  H  H  Q  A   
 
    GGTCCGCCGCCGAACAACGCTGCCGCCGCCGCAGCAGCAGCTGCAGCATCATCACGATTC 2640 
430 G  P  P  P  N  N  A  A  A  A  A  A  A  A  A  A  S  S  R  F   
 
    CCACCCTACATCGCCGCGCAGGCGCAGAGCTGGCTCCAGAAGAACGGCTTCCACTCCCTG 2700 
450 P  P  Y  I  A  A  Q  A  Q  S  W  L  Q  K  N  G  F  H  S  L   
 
    GCCAGACCCACCTAAGCTTGCCAGCTCCACCACCGCGCACCGCGTTCATCCACCATCCAT 2760 
470 A  R  P  T  *                                        
    
    GGCGAAGATCGGTCCACCGAACCAGGCGAGATCACGGAGGAGCATGGG             2808 
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AGAGCAGGGCAGAGGGAGGCGTAGGGGTGGACCGAAACGTCGGACAGCAAGCAGGGAGGA 60 
  
 
    AGGGAAGACGGCCGGCATGTGGGATCTCAATGACTCGCCGGCCGCCGAGGCGGCACACGC 120 
1                   M  W  D  L  N  D  S  P  A  A  E  A  A  H  A  
 
    GCCGCTGTCCCCCTCCGTCGACGACTCCGGCGCCTCATCCTCCTCGGCCGCCGCGGTGGT 180 
16   P  L  S  P  S  V  D  D  S  G  A  S  S  S  S  A  A  A  V  V  
 
    GGAGATACCCGACGACGGCGAGGACGACTCCGCCGAGGCCGTCGTCACGCGCCAGTTCTT 240 
36   E  I  P  D  D  G  E  D  D  S  A  E  A  V  V  T  R  Q  F  F  
 
    CCCCCCGGCCGCCCCGGGCGAGGGCGCCGCCGGGAACGGCCGCGCGGCGTGGCTCCGCCT 300 
56   P  P  A  A  P  G  E  G  A  A  G  N  G  R  A  A  W  L  R  L  
 
    GGCCGGCGCTCCCGCGCCCGCCGTGGCCGCAGCTGCCGCGGCCGCCGCAGGAGGAGGAGG 360 
76   A  G  A  P  A  P  A  V  A  A  A  A  A  A  A  A  G  G  G  G  
 
    AGGAGGAGGCGGAGGCCCCGCGGCGTCGGCGGCGGCCAAGAAGAGCCGGCGCGGGCCGCG 420 
96   G  G  G  G  G  P  A  A  S  A  A  A  K  K  S  R  R  G  P  R  
 
    GTCGCGCAGCTCGCAGTACCGCGGCGTCACCTTCTACCGCCGGACGGGCCGGTGGGAGTC 480 
116  S  R  S  S  Q  Y  R  G  V  T  F  Y  R  R  T  G  R  W  E  S  
 
    GCACATATGGTAAGTTCCCGCCGCCGCTTCTTTCCTTCCCTTTCCTTTCTTGAGAGCTTA 540 
136  H  I  W                                                     
 
    AGGAAGGAGAAGGTGAAAGAGCGCCGCAGCAGCAGCAAAAGAAGAGAAGAGAAAAGAAGA 600 
 
    TGGGTTTGGTATTGGATTCGTCTTGTTTTGGGCATTCCATGCCTCTGCTCCTTTTGCCTT 660 
 
    TCATAGCAACGTCCATCTCATCAAACTTATTCTCCTTCCTTCCTTCCTTCCTTCCGTGTT 720 
 
    TCTCTCTCTTCTCCCCTCTCCTCTTCTCTTATCTTCTCCTCTCACGCTTCTCACGCTCTC 780 
 
    CCCCCATTCTTTTGCGCAATGCAGGGATTGCGGCAAGCAGGTCTATCTGGGTAAGTTTCC 840 
139                          D  C  G  K  Q  V  Y  L  G           
 
    TCCATCTCCAACATGTCCATACATCCGGATCGGTCGCCAATTGGCGGCCGGCCGGCGTTT 900 
 
    TTCCGTTCCCAGTTCCTCACACTGGCTTTGCTCGGCTCGTCGCTCGCGAATTGCAGGAGG 960 
148                                                           G  
 
    ATTCGACACTGCTCATGCGGCGGCTCGGTACGATAAAGATTTCATGCCAACAGATTTGAT 1020 
149  F  D  T  A  H  A  A  A  R                                   
 
    ACACTGGTACCAATCAAGCTCTGTTCTTTCCTGATTTCTTTATCATTTGTTCGCGGGCGC 1080 
 
    AGGGCGTACGATCGGGCGGCGATCAAGTTCCGCGGCATGGAGGCCGACATCAACTTCAGC 1140 
158    A  Y  D  R  A  A  I  K  F  R  G  M  E  A  D  I  N  F  S  
47 
 
    CTGGAGGATTACGACGACATCAAGCAGGTGAGCCACACACCCGATCAACACTACTGGTTT 1200 
178 L  E  D  Y  D  D  I  K  Q                                    
 
    AGTGCTTCCTGTTTGCAGAATCTAATCGTAACCGGTGCTTGGCTTTGCAGATGGGCAACC 1260 
186                                                   M  G  N  L 
 
    TGACCAAGGAGGAGTTCGTCCACGTGCTCCGGCGGCAGAGCACGGGGTTCCCCCGGGGCA 1320 
190   T  K  E  E  F  V  H  V  L  R  R  Q  S  T  G  F  P  R  G  S 
 
    GCTCCAAGTACCGGGGCGTCACGCTCCACAAGTGCGGCAGGTGGGAGGCGCGGATGGGCC 1380  
210   S  K  Y  R  G  V  T  L  H  K  C  G  R  W  E  A  R  M  G  Q 
 
    AGTTCCTCGGCAAGAAGTATGTACTCCTCCTCCACCACCATCACCCTCCCTCCTCCAATC 1440 
230   F  L  G  K  K                                              
   
    CATGGCCTGAATTCCCCTGCGCCCGTCCGCTAGCCCCTGTCGTCGCACTCAAAGTGGCAG 1500 
 
    CATCTCTCTGCCGGCACGGCATGGCAGTGGCACTAATGAGACCTGTGTGCAACGCAGGTA 1560 
235                                                           Y  
   
    CGTCTACTTGGGGCTGTTCGATACCGAGGAGGAAGCCGCCAGGTAGTAGAAACGAACTCA 1620 
236  V  Y  L  G  L  F  D  T  E  E  E  A  A  R                    
 
    AAATTATTGGGCCGTGCACTGCACCGCATAGCTTTAGCTTCGCTCCTCTGGTGCTGGGCG 1680 
 
    GCGAACTGATTGATGTGTCTCGTGTCGTGTGTCTCTCTCTGGGCGCTGTCGGGCAGGTCG 1740 
250                                                          S   
 
    TACGACCGCGCGGCCATCAAGTGCAACGGCAAGGACGCGGTGACAAACTTCGATCCCAGC 1800 
252 Y  D  R  A  A  I  K  C  N  G  K  D  A  V  T  N  F  D  P  S   
 
    ACTTACGCCGAGGAGTTCGAGCCCACGGGTCAGTAGTACTAGTCCTTAATCCTGCACTGT 1860 
272 T  Y  A  E  E  F  E  P  T  A                                 
 
    TCATCCTCCGTGGTTTGATTTGGCAACCGTAGGATTGAGATTGATTATGCGGCGTGCGTG 1920 
 
    TCTTCCTGTTCATTCGTTCGCTGATCTTCTTGGGTGTGTGCACAATGCTCGACAGCTTCG 1980 
281                                                          S   
   
    GCCGGCGACGCCGAGCAGAACCTGGACTTGTCGCTGGGGAGCTCCGCGGGGTCCAACAAG 2040 
283 A  G  D  A  E  Q  N  L  D  L  S  L  G  S  S  A  G  S  N  K   
 
    AGGGGCAGCCTCGACGGCGGCGACGACGACGGCGCGGCCGGGCCCGACCAGCGCGTCCCC 2100 
303 R  G  S  L  D  G  G  D  D  D  G  A  A  G  P  D  Q  R  V  P   
 
  
323 ATGGCCTTCGAGCTCGACTGGCAGACGGCGGCGGCGCGGAGCACCAAGGCCAAGGTACGC 2160 
    M  A  F  E  L  D  W  Q  T  A  A  A  R  S  T  K  A  K         
  
48 
    GCCGCCGCAACTTTGACCCTCTGCAACAGCAGCAACTTCATAGTATAATCGGGCGTTGGA 2220 
  
    AAGCTGAAAGTGGGTTAATTTACTATGCAGTTCGACCAGAGCTTCACGCATCACCAGATG 2280 
340                               F  D  Q  S  F  T  H  H  Q  M   
  
    CCCCCTCCGCTCCTGCAAGCCTCCCACATGCCCTTCAGTCCCAGGCATCACCAAGTGGGC 2340 
350 P  P  P  L  L  Q  A  S  H  M  P  F  S  P  R  H  H  Q         
  
    ACTTTTTCCCATTCAAAGTTGGAAGAATTTTTCCATCTGCTCTTGGTAGGCGCGAACTGA 2400 
  
    CAGTGATTGTTTGGTGCAAACCGTGCAGTTCATGGGCAACGGTGATCCGGGGACAGCGGG 2460 
368                             F  M  G  N  G  D  P  G  T  A  G  
  
    AGGCCCGTCGCTGACGGTCGGCGCCGGCGGCGGGGGCGGGCACTGGCCCCTGCCTCCGCA 2520 
379  G  P  S  L  T  V  G  A  G  G  G  G  G  H  W  P  L  P  P  H  
  
    CCACCAATACCAGCCGCCGCCGCCTCCGCAGCAGCAGCAGCAGCAGCAGCAGAGGCTGCA 2580 
399  H  Q  Y  Q  P  P  P  P  P  Q  Q  Q  Q  Q  Q  Q  Q  R  L  H  
  
    TGGCTGGGGCAACGTCGTCCCCGGCACGAGCTGGCAGCCGCCCCAGCCGCCGCCGCACCA 2640 
419  G  W  G  N  V  V  P  G  T  S  W  Q  P  P  Q  P  P  P  H  H  
  
    CCAGGCGGGGCCGCCGCCGAACAACGCTGCCGCCGCCGCAGCAGCAGCCGCAGCATCATC 2700 
439  Q  A  G  P  P  P  N  N  A  A  A  A  A  A  A  A  A  A  S  S  
  
    ACGATTCCCACCCTACATCGCCACGCAGGCGCAGAGCTGGCTCCAGAAGAACGGGTTCCA 2760 
459  R  F  P  P  Y  I  A  T  Q  A  Q  S  W  L  Q  K  N  G  F  H  
     
    CTCGCTGGCCCGCCCCACCTAGGTACCCGGAGACCATCCGTCGAGAGCAGCCAGC       
2815 
479  S  L  A  R  P  T  *       
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    GCAAGCAGGGAGGGGAGCTAGCCAAGGAAGGACGGCGGGCATGTGGGATCTCAATGACTC 60 
1                                           M  W  D  L  N  D  S  
 
    GCCGGCGGCCGACGCGCCGCCGCTGTCCCCGTCCGTCGACGACTCCGGCGCCTCCTCCTC 120 
8    P  A  A  D  A  P  P  L  S  P  S  V  D  D  S  G  A  S  S  S  
 
    GTCGGCCGCCGCGGTGGTCGAGATACCCGACGACGCCGACGACGACTCCGCCGAGGCCGT 180 
28   S  A  A  A  V  V  E  I  P  D  D  A  D  D  D  S  A  E  A  V  
 
    CGTCACGCGCCAGTTCTTCCCCCCGGCCGCCCCGGGCGAGGGCGCCGCCGGGAACGGCCG 240 
48   V  T  R  Q  F  F  P  P  A  A  P  G  E  G  A  A  G  N  G  R  
 
    CGCGGCGTGGCTCCGCCTGGCCGGCGCCCCCGCGCCCGCCGTGGCCGCCGCAGCAGCCGC 300 
68   A  A  W  L  R  L  A  G  A  P  A  P  A  V  A  A  A  A  A  A  
 
    GGCCGCCGGAGGAGGAGTCGGAGGCCCCGCGGCGTCGGCGGCGGCCAAGAAGAGCCGGCG 360 
88   A  A  G  G  G  V  G  G  P  A  A  S  A  A  A  K  K  S  R  R  
 
    CGGGCCGCGGTCGCGCAGCTCGCAGTACCGCGGCGTCACCTTCTACCGCCGGACGGGGCG 420 
108  G  P  R  S  R  S  S  Q  Y  R  G  V  T  F  Y  R  R  T  G  R  
 
    GTGGGAGTCGCACATATGGTAAGTTCCTCCTTCCCGCCCGCCGCCGTCTCTTTCCTTTCC 480 
128  W  E  S  H  I  W                                            
 
    TTTCCTTTCCTTTCCTTTCTTGAGAGCTTAAGGAAGGAGAAGGAGAGAGAGCGCTGCAGC 540 
 
    AGTTGCAGCAGCAGCAGCAGCAGCAAAAGAAGAGAAGAGAAAAGAAGATGGGTTTGGTAT 600 
 
    TGGATTCGTCTTGTTTTGGGCATTCCATGCCTCTGCTCCTTTTGCCTTTCATAGCAACGT 660 
 
    CCATCTTATCAAACTTATTCTCCTCCCTTCCTTCCTTCCTTCCTTCCGTGTTTCTCTCTC 720 
 
    TCTTCTCTCCTCTCCTCTTATCTTCTCTTCTCACGCGCTCATCTCTCTCCCCCATTCTTT 780 
 
    TGCGCAATGCAGGGATTGCGGCAAGCAGGTCTATCTGGGTAAGTTTCCTTCATCTCCATC 840 
134              D  C  G  K  Q  V  Y  L  G                       
 
    TTGTCCATGCATACATATTTGGGCGCGGATCGATCGCCGATTGGCGGCCGGCCGGCGTTT 900 
 
    TTCCCGTTCCCGATTCCTCACAATGTCACCGACGACTTGCAGGTGGATTCGACACTGCTC 960 
143                                             G  F  D  T  A  H 
 
  ATGCGGCGGCTCGGTACGATAAAGATTTGACATACTAGTACCAATCAAACTCTGTTCTTT 1020 
149   A  A  A  R                                                 
 
    CCTGATTTCTTTATCAATTATCTGCGGCCGCAGGGCGTACGATCGGGCGGCGATCAAGTT 1080 
153                                   A  Y  D  R  A  A  I  K  F  
 
    CCGCGGCATGGAGGCCGACATCAACTTCAGCCTGGAGGATTACGACGACATCAAGCAGGC 1140 
162  R  G  M  E  A  D  I  N  F  S  L  E  D  Y  D  D  I  K  Q     
50 
 
  GAGCCACCAGACCCGATCAATCAACACGAACAAAAGTGCTTCCTGTTAGCAGATTCGTAA 1200 
 
  CGTGTTTAGCCACCCTGCTCTGCAGATGGGCAACCTGACCAAGGAGGAGTTCGTCCACGT 1260 
181                          M  G  N  L  T  K  E  E  F  V  H  V  
 
    GCTCCGGCGCCAGAGCACGGGGTTCCCCCGGGGCAGCTCCAAGTACAGGGGCGTCACCCT 1320 
193  L  R  R  Q  S  T  G  F  P  R  G  S  S  K  Y  R  G  V  T  L  
 
    CCACAAGTGCGGCAGGTGGGAGGCGCGGATGGGCCAGTTCCTCGGCAAGAAGTATGTACT 1380 
213  H  K  C  G  R  W  E  A  R  M  G  Q  F  L  G  K  K           
 
    CCTCCTCCACCATCACTCTCCTCCTAGCTCCCTCCTCCAATCGATCACTTGGATGTCTGC 1440 
 
    TTCCTCCTGTCGTTGCACTCAAAGTGGCAGCATCTCTCTGCCGGGCGGATGGCATGGCAG 1500 
 
    TGGCACTAATGGGACTTGTGTGCAACGCAGGTACGTCTACTTGGGGCTGTTCGACACCGA 1560 
230                                Y  V  Y  L  G  L  F  D  T  E  
 
    GGAGGAAGCCGCCAGGTAGTAAAAACTGAAAAATTATTGGGCCGTGCACTGTGCGCGTGT 1620 
240  E  E  A  A  R                                               
 
    CCTCCCTCCATTGCTGTTGGCCGGGCAGCCATAGCTATAGCTTTAGCTTTGCTGGGGTTG 1680 
 
    GGCGGTGAACTGATTGATGTCTCGTGTGCCTCTGGGCGCTGTCGGGCAGGTCGTACGACC 1740 
245                                                   S  Y  D  R 
 
    GCGCTGCCATCAAGTGCAACGGCAAGGATGCGGTGACAAACTTCGATCCCAGCACCTACG 1800 
249   A  A  I  K  C  N  G  K  D  A  V  T  N  F  D  P  S  T  Y  A 
 
    CCGAGGAGTTCGAGCCCGCGGGTCAGTAATAATCCATGGACGGATGCCTCTTAATTAGCT 1860 
269   E  E  F  E  P  A  A                                        
 
    AGCATAATCGTGCACTGTTCATCCGTGGTTTGATTTGGCAACCATGGGATTAATTATGCA 1920 
 
    GTAGTGTATATGTTTCTTGATGTTCATTCATTCGCTGATCTTGATCTTGATCTTGGGTGG 1980 
 
    ACAATGCTCTGCCAGCTTCGACCGGCGACGCGGAGCAGAACCTGGACCTGTCGCTGGGGA 2040 
276                  S  T  G  D  A  E  Q  N  L  D  L  S  L  G  S 
 
    GCTCGGGGGGCTCCAACAAGAGGGGCAGCCTCGACGGCGGCGGAGGCGGCGACGACGACG 2100 
291   S  G  G  S  N  K  R  G  S  L  D  G  G  G  G  G  D  D  D  G 
 
    GCGCGGCCGGGTCCGACCAGCGCGTCCCCATGGCCTTCGAGCTCGACTGGCAGACGGCGG 2160 
311   A  A  G  S  D  Q  R  V  P  M  A  F  E  L  D  W  Q  T  A  A 
 
    CGGCGGCGGCGGCGGCACGGAGCACCAAGGCCAAGGTACACGCCGCCACTTGGCCCTGCA 2220 
331   A  A  A  A  A  R  S  T  K  A  K                            
 
    ACAAACAACAACTATATGTATACATAGTATAATCGGGCGTTGGAAAGCTGAAAATGGGTT 2280 
51 
 
    TGATTTACTATGCAGTTCGACCAGAACTTGACGCATCACCAGATGCCCCCTCCGGCCCTG 2340 
342                F  D  Q  N  L  T  H  H  Q  M  P  P  P  A  L   
 
    CAAGCCTCCCACATGCCCTTCAGTCCCAGGCACCACCAAGTGGGTACTTTTGCAGTTCAA 2400 
357 Q  A  S  H  M  P  F  S  P  R  H  H  Q                        
 
    AGTTCGAAGAATTTTTCCATCTGTTCTTGGTGGGCGCGAGCTAACAGTTATTGTTTGGTG 2460 
 
    CAAATTGCGCAGTTCATGGGCAACGGCGATCCGGGGACCGCGGGAGGCCTGTCGCTGACG 2520 
370             F  M  G  N  G  D  P  G  T  A  G  G  L  S  L  T   
 
    GTCGGCGCCGCCGGCGGGGGCGGGCACTGGCCTCCGCCTCTGCACCACCAATACCAGCCG 2580 
386 V  G  A  A  G  G  G  G  H  W  P  P  P  L  H  H  Q  Y  Q  P   
 
    CCGCCGCCGCCTCCGCAGCAGCAGCAGCCGCAGCAGAGGCTGCACGGCTGGGGCAACGTC 2640 
406 P  P  P  P  P  Q  Q  Q  Q  P  Q  Q  R  L  H  G  W  G  N  V   
 
    GTCCCCGGCACGAGCTGGCAGCCGCCTCAGCCGCCGCCGCACCACCAGGCGGGGCCGCCG 2700 
426 V  P  G  T  S  W  Q  P  P  Q  P  P  P  H  H  Q  A  G  P  P   
 
    CCGAACAACGCTGCCGCCGCCGCCGCAGCAGCTGCAGCATCATCACGATTCCCACCCTAC 2760 
446 P  N  N  A  A  A  A  A  A  A  A  A  A  S  S  R  F  P  P  Y   
 
    ATCGCCGCGCAGGCGCAGAGCTGGCTCCAGAAGAACGGCTTCCACTCCCTGGCCCGACCC 2820 
466 I  A  A  Q  A  Q  S  W  L  Q  K  N  G  F  H  S  L  A  R  P   
 
    ACCTAGCTTGCCAGAGAGACCATCAAGACCAGCTCCACC                      2859 
486 T  *                                                         
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Supplementary Figure 5. TaAP2 gDNA and cDNA sequences and deduced TaAP2 peptide sequences. (A-C): 
cv. ‘Shinchunaga’, (D-F): cv. ‘CS’. (A,D): TaAP2-A, (B,E):  TaAP2-B, (C,F): TaAP2-D. Nucleotides are numbered 
on the right side and peptides on the left. Introns are shown underlined and the two UTRs double-
underlined. The two AP2 domains are shown in bold. The putative miR172 target sequence is boxed. The 
stop codon is indicated by an asterisk. 
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Supplementary Figure 6. The genome specificity of the qRT-PCR primers used to assay TaAP2 
transcription. The three primer pairs (Supplementary Table 1) targeted indels and SNPs in the 3’UTR 
of each of the three homeologs (Supplementary Figure 3). Their specificity was demonstrated by the 
amplification profiles obtained from gDNA templates of NT and Dt stocks of cv. ‘CS’. For example, the 
TaAP2-A assay did not amplify a product from templates lacking either the entire chromosome 2A 
(N2AT2D) or its long arm (Dt2AS), but amplified the identical product from all the other aneuploid 
stocks tested and from euploid cv. ‘CS’ itself. 
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Supplementary Figure 7. The amplification efficiency of the genome-specific qRT-PCR primers. These 
were 91% for TaAP2-A (A), 86% for TaAP2-B (B), 94% for TaAP2-D (C) and 110% for TaActin (D). The 
relationship between the log of the initial target copy number and the threshold cycle (CT) was linear. The 
amplicon sizes were 95bp (TaAP2-A), 111bp (TaAP2-B), 128bp (TaAP2-D) and 130bp (TaActin). 
Supplementary Table 1. PCR primer sequences and PCR conditions
Category Targeted site (size bp) Primer name Primer sequence (5'-3') Primer name Primer sequence (5'-3') PCR mixture PCR amplification reaction Electrophoresis
Buffer MgCl2 DMSO PCR cycles (x 30) Final Extension Agarose
(mM) (%) (%)
BAC library screening All three loci F695 TGCGGCAAGCAGGTCTATCTG R1428 TATCGAACAGCCCCAAGTAGAC 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 65°C/30 s, 72°C/60 s 72°C/7 min 2
miRNA targeting site amplification TaAP2-A (226 bp) F-est1320 TGCACGGCTGGGGCAACGTC L3721A19 CGGTGGTGGAGCTGGCAAG 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 68°C/30 s, 72°C/30 s 72°C/7 min 3
TaAP2-B (365 bp) F-est1180 TCATGGGCAACGGTGATCC L3801L18 GCGCTGGCTGCTCTCGAC 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 68°C/30 s, 72°C/30 s 72°C/7 min 3
TaAP2-D (240 bp) F-est1320 TGCACGGCTGGGGCAACGTC L3897D22 GGTGGAGCTGGTCTTGATGGTC 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 68°C/30 s, 72°C/30 s 72°C/7 min 3
All three loci Fest1268 GCACCACCAATACCAGCCGCC Rest1479 CCTGCGTGGCGATGTAGGGTG 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 65°C/30 s, 72°C/30 s 72°C/7 min 3
Genomic DNA amplification TaAP2-A _fragment 1 U1005A23 GCAGACCAGAGAGAGGCTAGAGG 2223L20 CTGCAAGGCCAATTACAGGT 0.2×GC Buffer II 2.5 8  94°C/60 s, 57°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-A _fragment 2 F695 TGCGGCAAGCAGGTCTATCTG A3794L19 CCCATGCTCCTCCGTGATC 1×Ex Taq polymerase buffer 2 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-B F-est2 AGAGCAGGGCAGAGGGAGGCGTAGGG R-est1543 GCTGGCTGCTCTCGACGGATGGT 1×Ex Taq polymerase buffer 2 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-D _fragment 1 55U24 GCAAGCAGGGAGGGGAGCTAGCCA R1690 GGCTCGAACTCCTCGGCG 1×Ex Taq polymerase buffer 2.5 12  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-D _fragment 2 F695 TGCGGCAAGCAGGTCTATCTG L3897D22 GGTGGAGCTGGTCTTGATGGTC 1×Ex Taq polymerase buffer 2.5 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
Genomic DNA sequencing (three loci) fragment 1 1444L18 GTCCGGCGGTAGAAGGTG R-est522 CCGCCGCATGAGCAGTGTCGAA
F695 TGCGGCAAGCAGGTCTATCTG
fragment 2 F695 TGCGGCAAGCAGGTCTATCTG F1460 GGCTGTTCGATACCGAGGAGG
R1690 GGCTCGAACTCCTCGGCG F2225 CTTCAGTCCCAGGCATCACC
R-est1272 GCGGCGGCGGCTGGTATTGGTG
cDNA amplification TaAP2-A _fragment 1 U1005A23 GCAGACCAGAGAGAGGCTAGAGG 2252L20 ACGAACTCCTCCTTGGTCAG 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 60°C/30 s, 72°C/30 s 72°C/7 min 2
TaAP2-A _fragment 2 F-est602 CAGCCTGGAGGATTACGACGACA A3794L19 CCCATGCTCCTCCGTGATC 1×Ex Taq polymerase buffer 2.5 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-B F-est2 AGAGCAGGGCAGAGGGAGGCGTAGGG R-est1543 GCTGGCTGCTCTCGACGGATGGT 1×Ex Taq polymerase buffer 2.5 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-D _fragment 1 55U24 GCAAGCAGGGAGGGGAGCTAGCCA R1690 GGCTCGAACTCCTCGGCG 1×Ex Taq polymerase buffer 2.5 12  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
TaAP2-D _fragment 2 F695 TGCGGCAAGCAGGTCTATCTG L3897D22 GGTGGAGCTGGTCTTGATGGTC 1×Ex Taq polymerase buffer 2.5 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
3' UTR for qRT-PCR TaAP2-A (99 bp) A3718U19 AAGCTTGCCAGCTCCACCA A3794L19 CCCATGCTCCTCCGTGATC
TaAP2-B (111 bp) B3960U19 GAGCTGAACTGAAACTTGA B4052L19 CCGCATTTACATGACTGCC
TaAP2-D (128 bp) D3897U20 GACCATCAAGACCAGCTCCA D4007L18 TGCATGCATGGTTGTGGT
Actin DN182500F425 AAGTACAGTGTCTGGATTGGAGGG DN182500R533 TCGCAACTTAGAAGCACTTCCG
miR172-guided cleavage site for modified 5' RACE TaAP2-A frist primer A3818L22 GTAATGGTTGTGGGCTCTGAGG
TaAP2-A nested primer A3794L19 CCCATGCTCCTCCGTGATC
TaAP2-B frist primer B4052L19 CCGCATTTACATGACTGCC
TaAP2-B nested primer R-est1763 AAATCCATCTCGCTCGCCCAATCAAT
TaAP2-D frist primer D4037L20 CAGTTTCGGTTTCGGTTCAG
TaAP2-D nested primer D4007L18 TGCATGCATGGTTGTGGT
5
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start end classification name/repeat strand
4609 4644 GC_rich_Low_complexity for
5538 6371 LTR/Gypsy Erika1_TM_pol rev
6364 10050 LTR/Gypsy Erika1_TM rev
8968 8988 (GGA)n_Simple_repeat for
14289 14495 (CGCGG)n_Simple_repeat for
16703 17566 LTR/Gypsy Sabrina3_TM rev
17078 17099 AT_rich_Low_complexity for
17557 18237 LTR/Gypsy Sabrina3_TM rev
18108 18704 LTR/Gypsy Sabrina_HV rev
18759 18843 GA-rich_Low_complexity for
27016 27315 LTR/Gypsy ROMANI1_p1 rev
27306 27734 LTR/Gypsy ROMANI1_p1 rev
30030 30062 AT_rich_Low_complexity for
30589 30777 LTR/Gypsy JODY_HC for
32294 32462 (CGG)n_Simple_repeat for
34701 35585 LTR/Gypsy RIRE2_p2 for
38752 40785 LTR/Gypsy Gypsy2-HV rev
40764 41198 LTR/Gypsy Gypsy2-HV rev
40980 42443 LTR/Gypsy Daniela_TM_gag rev
40989 41687 LTR/Gypsy RIRE2_gag rev
41019 41561 LTR/Gypsy Huck1_ZM_gag rev
42449 43114 LTR/Gypsy RIRE2_gag rev
42449 42907 LTR/Gypsy Daniela_TM_gag rev
42449 43300 LTR/Gypsy RETRO1_gag rev
56602 56814 Tandem_Repeat for
58661 61504 LTR/Copia Angela6_TM rev
61507 62625 LTR/Copia Angela6_TM rev
65523 65900 LTR/Gypsy Gypsy39_AG_pol for
65595 65900 LTR/Gypsy GTWIN_pol for
65652 67526 LTR/Gypsy LATIDU2_TM_pol for
67780 67853 A-rich_Low_complexity for
68914 68942 AT_rich_Low_complexity for
68943 69033 (TTAA)n_Simple_repeat for
72943 73068 LTR/Copia OARE1 rev
72988 73068 LTR/Copia Angela6_TM rev
73051 73683 LTR/Copia Angela6_TM rev
73223 74272 LTR/Copia Angela6_TM rev
74262 76022 LTR/Copia Angela6_TM rev
75944 76096 LTR/Copia Angela6_TM rev
76057 76641 LTR/Copia Angela6_TM rev
81097 81149 (CTA)n_Simple_repeat for
83161 83552 exon 1 putative APETALA2 (AP2) gene for
83877 83902 exon 2 putative APETALA2 (AP2) gene for
84017 84047 exon 3 putative APETALA2 (AP2) gene for
84140 84224 exon 4 putative APETALA2 (AP2) gene for
84308 84453 exon 5 putative APETALA2 (AP2) gene for
84601 84645 exon 6 putative APETALA2 (AP2) gene for
84795 84886 exon 7 putative APETALA2 (AP2) gene for
Supplementary Table 2. Annotated sequence of the TaAP2-A  copy present in BAC clone WCS0842L23.
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85013 85191 exon 8 putative APETALA2 (AP2) gene for
85274 85357 exon 9 putative APETALA2 (AP2) gene for
85462 85803 exon 10 putative APETALA2 (AP2) gene for
89925 89970 C-rich_Low_complexity for
90239 90328 (TTAGGG)n_Simple_repeat for
90447 92432 DNA/MuDR ATMU3_tp for
90822 93173 DNA/MuDR MDR1_tp for
93303 93713 Tandem_Repeat for
93306 93714 Tandem_Repeat for
93303 93723 Tandem_Repeat for
93302 93843 Tandem_Repeat for
95072 95132 (TTAGGG)n_Simple_repeat for
96120 96296 DNA/MuDR MDR2_p2 rev
96373 96594 DNA/MuDR MuDR-12_SBi_p2 rev
96644 96958 DNA/MuDR MuDR1_ZM_p2 rev
96972 97661 DNA/MuDR MDR1_p2 rev
99646 99673 (CGG)n_Simple_repeat for
100584 100758 (CA)n_Simple_repeat for
101143 101162 (C)n_Simple_repeat for
102870 104936 DNA/En-Spm EnSpm2_SB_p2 rev
103819 103865 Tandem_Repeat for
104915 105406 DNA/En-Spm EnSpm2_SB_p2 rev
105245 105436 DNA/En-Spm EnSpm11_SB_p2 rev
106153 106212 T-rich_Low_complexity for
106577 106807 Tandem_Repeat for
106581 106809 Tandem_Repeat for
106843 106882 Tandem_Repeat for
106944 107015 Tandem_Repeat for
107446 107553 Tandem_Repeat for
107446 107536 Tandem_Repeat for
107418 107577 Tandem_Repeat for
107714 111031 DNA/En-Spm EnSpm2_HV rev
111033 111060 AT_rich_Low_complexity for
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start end classification name/repeat strand
2985 3104 Tandem_Repeat for
4719 4757 Tandem_Repeat for
7809 8531 LINE/L1 LINE1-7_SBi_gag for
7911 8438 LINE/L1 LINE1-42_ZM_gag for
9180 9235 Tandem_Repeat for
11420 11451 AT_rich Low_complexity for
15329 15382 Tandem_Repeat for
15837 16472 LTR/Gypsy Grande1_ZD_p2 rev
15942 16442 LTR/Gypsy Fatima_TM_p2 rev
16439 16531 LTR/Gypsy Fatima_TM_p2 rev
18053 18607 LTR/Copia Copia42-PTR rev
18248 18751 LTR/Copia Angela6_TM rev
18742 19068 LTR/Copia Angela6_TM rev
19070 19105 LTR/Copia WIS4_TM_pol rev
19110 19733 LTR/Copia Angela6_TM rev
19110 19868 LTR/Copia Copia1_Dmoj rev
22316 22391 T-rich Low_complexity for
26857 27288 LTR/Copia Copia-3_BD rev
26956 27387 LTR/Copia Copia-25_BD rev
27025 28770 LTR/Copia Angela1_AT rev
28778 28936 LTR/Copia Angela6_TM rev
45911 45946 Tandem_Repeat for
45946 45971 Tandem_Repeat for
47793 47818 Tandem_Repeat for
48016 48040 Tandem_Repeat for
59516 59545 (TCCC)n_Simple_repeat for
59924 60336 exon 1 putative APETALA2 (AP2) gene for
60652 60677 exon 2 putative APETALA2 (AP2) gene for
60804 60834 exon 3 putative APETALA2 (AP2) gene for
60930 61014 exon 4 putative APETALA2 (AP2) gene for
61098 61243 exon 5 putative APETALA2 (AP2) gene for
61405 61449 exon 6 putative APETALA2 (AP2) gene for
61584 61675 exon 7 putative APETALA2 (AP2) gene for
61823 62001 exon 8 putative APETALA2 (AP2) gene for
62098 62181 exon 9 putative APETALA2 (AP2) gene for
62276 62629 exon 10 putative APETALA2 (AP2) gene for
62987 63015 (TG)n_Simple_repeat for
64568 64588 (TCCG)n_Simple_repeat for
65404 65424 (G)n_Simple_repeat for
68271 68302 AT_rich_Low_complexity for
68605 68682 A-rich_Low_complexity for
68888 69022 LINE/L1 LINE1-5_SBi_pol rev
69519 69770 LINE/L1 RILN8_OS_pol rev
77250 77320 Tandem_Repeat for
77245 77331 Tandem_Repeat for
77248 77321 Tandem_Repeat for
80608 81258 LTR/Copia Maximus_p4 rev
81237 81593 LTR/Copia Copia-42_SB_env rev
81441 81749 LTR/Copia Claudia1_TM_env rev
88983 89049 Tandem_Repeat for
88992 89046 Tandem_Repeat for
90305 90619 LTR/Gypsy Sabrina_HV for
Supplementary Table 3. Annotated sequence of the TaAP2-B  copy present in BAC clone WCS1471K05.
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start end classification name/repeat strand
3 98 LTR/Gypsy WHAM1_TM rev
1610 1777 LTR/Gypsy WHAM1_TM rev
1771 2031 LTR/Gypsy WHAM1_TM rev
2546 3166 LTR/Gypsy WHAM1_TM rev
2968 3588 LTR/Gypsy WHAM1_TM rev
3587 3970 LTR/Gypsy WHAM1_TM rev
3979 4719 LTR/Gypsy WHAM1_TM rev
4012 4278 LTR/Gypsy OPHELIA1_HV rev
4290 4988 LTR/Gypsy WHAM1_TM rev
6694 6879 LTR/Gypsy Fatima_TM_p2 for
6837 7271 LTR/Gypsy Fatima_TM_p2 for
15889 15921 LTR/Gypsy Gypsy37_AG for
16208 18355 LTR/Copia Angela1_AT for
18175 19605 LTR/Copia Angela6_TM for
19077 19778 LTR/Copia Angela6_TM for
19308 19943 LTR/Copia TTO1_NT for
25269 25640 LTR/Gypsy Fatima_TM_p2 for
25643 26017 LTR/Gypsy Fatima_TM_p2 for
29424 30923 LTR/Gypsy Fatima_TM_gag rev
30878 30994 LTR/Gypsy RIRE2_gag rev
31010 31747 LTR/Gypsy Fatima_TM_gag rev
31741 31989 LTR/Gypsy Fatima_TM_gag rev
31884 32543 LTR/Gypsy Fatima_TM_gag rev
36167 36586 DNA/En-Spm EnSpm2_TM_p2 rev
37999 38127 LTR/Copia Copia-3_CQ rev
38059 39069 LTR/Copia Angela6_TM rev
38268 40142 LTR/Copia Angela1_AT rev
39951 40211 LTR/Copia Copia-9_DPu rev
40242 40400 LTR/Copia Angela1_AT rev
40242 40433 LTR/Copia BARE2_HV rev
40403 40567 LTR/Copia OARE1 rev
40581 41318 LTR/Copia Angela1_AT rev
40702 41565 LTR/Copia Angela1_AT rev
41434 41598 LTR/Copia Copia25-PTR rev
42172 42233 (CAT)n_Simple_repeat for
44807 46066 DNA/En-Spm EnSpm2_TM_p2 rev
45147 45174 (GGA)n_Simple_repeat for
46033 46416 DNA/En-Spm EnSpm2_TM_p2 rev
46945 47059 Tandem_Repeat for
47062 47204 CT-rich_Low_complexity for
47373 47428 (CATA)n_Simple_repeat for
47465 47513 (CATATA)n_Simple_repeat for
47614 47765 (CGGGG)n_Simple_repeat for
48302 48353 T-rich_Low_complexity for
48531 48653 T-rich_Low_complexity for
49279 52608 DNA/En-Spm EnSpm-4_HV_p1 rev
53996 54155 T-rich_Low_complexity for
54165 54277 Tandem_Repeat for
Supplementary Table 4. Annotated sequence of the TaAP2-D  copy present in BAC clone WCS0049K23.
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54161 54277 Tandem_Repeat for
59124 59164 (TC)n_Simple_repeat for
59469 59515 Tandem_Repeat for
62459 62483 (TAG)n_Simple_repeat for
63057 63092 (CA)n_Simple_repeat for
70158 70187 AT_rich_Low_complexity for
73087 73108 AT_rich_Low_complexity for
75371 75520 Tandem_Repeat for
76738 76766 (GA)n_Simple_repeat for
79570 80096 Tandem_Repeat for
81344 82046 Tandem_Repeat for
82019 82507 Tandem_Repeat for
82068 82231 Tandem_Repeat for
81976 82507 Tandem_Repeat for
90828 90849 AT_rich_Low_complexity for
93533 94591 LTR/Copia Angela6_TM rev
94361 94735 LTR/Copia Copia-132_AA rev
95632 96234 LTR/Gypsy Fatima_TM_p2 for
95731 96375 LTR/Gypsy Grande1_ZD_p2 for
96225 96482 LTR/Gypsy Fatima_TM_p2 for
98381 98416 (TTCTCC)n_Simple_repeat for
99353 99407 (ATGTG)n_Simple_repeat for
100270 101061 LTR/Copia Angela6_TM for
100872 101864 LTR/Copia Angela6_TM for
101861 103204 LTR/Copia Angela6_TM for
103206 103286 LTR/Copia Copia37-PTR for
103264 103665 LTR/Copia Angela6_TM for
103662 103793 LTR/Copia WIS4_TM_pol for
103801 103878 LTR/Copia Angela6_TM for
103804 103926 LTR/Copia Angela1_AT for
105238 105274 CT-rich_Low_complexity for
108429 108848 LTR/Gypsy RIRE2_gag rev
108507 108848 LTR/Gypsy Fatima_TM_gag rev
108621 108932 LTR/Gypsy CINFUL2A rev
108857 108958 LTR/Gypsy Fatima_TM_gag rev
111899 115849 LTR/Copia Angela6_TM for
117603 117815 LTR/Gypsy Ogre-SD1_gag rev
117642 118349 LTR/Gypsy Fatima_TM_gag rev
118301 119134 LTR/Gypsy Fatima_TM_gag rev
119071 120507 LTR/Gypsy Fatima_TM_gag rev
121004 121093 LTR/Copia Copia2_CR rev
121025 122131 LTR/Copia Angela1_AT rev
121826 122191 LTR/Copia Copia-15_BD rev
123072 123173 LTR/Copia Copia-135_AA rev
131723 131762 (TG)n_Simple_repeat for
131882 132673 LTR/Copia Kopi2_pol rev
132011 132673 LTR/Copia Copia-54_Mad rev
132143 132670 LTR/Copia Copia-73_Mad rev
132248 132670 LTR/Copia BARE1_HV rev
132670 132741 LTR/Copia Angela1_AT rev
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132726 133631 LTR/Copia Angela6_TM rev
133346 134083 LTR/Copia Angela6_TM rev
140610 141007 exon 1 putative APETALA2 (AP2) gene for
141362 141387 exon 2 putative APETALA2 (AP2) gene for
141512 141542 exon 3 putative APETALA2 (AP2) gene for
141623 141707 exon 4 putative APETALA2 (AP2) gene for
141795 141940 exon 5 putative APETALA2 (AP2) gene for
142100 142144 exon 6 putative APETALA2 (AP2) gene for
142299 142390 exon 7 putative APETALA2 (AP2) gene for
142565 142764 exon 8 putative APETALA2 (AP2) gene for
142865 142948 exon 9 putative APETALA2 (AP2) gene for
143042 143395 exon 10 putative APETALA2 (AP2) gene for
145909 148161 LTR/Gypsy RETRO1_gag for
146467 151362 LTR/Gypsy Atlantys2_gagpo for
147754 151365 LTR/Gypsy Gypsy2-HV for
151575 151634 LTR/Copia TSE5 for
151590 151658 LTR/Copia TDH5 for
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Chapter 3. 
Identification of an AP2 gene associated with 
non-cleistogamy in einkorn wheat 
 
3.1. Introduction 
Cleistogamy, a trait which involves the shedding of pollen within an unopened flower, has 
been reported in some 693 angiosperm species, distributed over 228 genera and 50 families 
(Cully and Klooster, 2002, 2007). In some cases, it can also be induced by poor environmental 
conditions, such as drought, low intensity light and low temperature (Barth et al., 2006; Cully, 
2002; Langer and Wilson, 1964; Waller, 1979). The trait has some advantageous features in the 
context of crop plants, since it ensures genetic integrity and impedes gene flow via the pollen, 
the latter seen as a significant issue for genetically modified varieties (Daniell, 2002). 
Non-cleistogamy in monocotyledonous plants generally relies on a functioning lodicule, a 
structure homologous with the dicotyledonous petal (Glover, 2007). The grass floret features a 
pair of lodicules lying between the lemma and the ovary base, and their rapid expansion around 
the time of anthesis pushes aside the rigid lemma and so allows for the extrusion of the anthers 
and stigma. When lodicule function is compromised, the result is cleistogamy (Heslop-Harrison 
and Heslop-Harrison, 1996). In barley, lodicule function is determined by the allelic status at the 
major gene Cly1; cleistogamy occurs when the recessive allele cly1 is present in the homozygous 
state. The isolation of Cly1 has demonstrated that its sequence includes two domains which are 
characteristic for AP genes, and that it also includes a putative targeting site for miR172, a 
non-coding microRNA (Nair et al., 2010). In the cly1 allele, a synonymous single nucleotide 
change within the miR172 targeting site has been demonstrated as being responsible for the 
cleistogamous phenotype. 
Wheat, and particularly its hexaploid form bread wheat (Triticum aestivum), is one of the 
world’s foremost crop plants (Feldman et al., 1995; Gustafson et al., 2009). A cultivated form of 
diploid wheat (einkorn wheat, T. monococcum) is one of hulled wheat crop species which are 
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underutilized in spite of their well-recognised genetic and agronomic potentials and still grown 
as a crop in a few marginal environments (Perrino et al., 1996). Here, we describe the isolation 
and characterization of the einkorn wheat Cly1/AP2 ortholog TmAP2.  
 
3.2. Materials and methods 
3.2.1. Plant material and assessment of flowering phenotype 
A sample of einkorn wheat (strain KT003-005) was obtained from National Bioresource 
Project, Kyoto University, Kyoto, Japan. The grain was autumn-sown in the field at Tsukuba, 
Japan. Three spikes still attached to peduncle and the flag leaf were sampled for analysis 
immediately prior to anthesis. The lemma was removed from the first floret of spikelet to 
facilitate imaging of the lodicules; these images were used to quantify lodicule width and depth 
with the aid of Makijaku v1.1 software (http://cse.naro.affrc.go.jp/iwatah/). Maintaining the 
spikes in 100mg/l 2,4-D for 24h at room temperature maintained the swollen state of the 
lodicules for an additional 1-2 days, a procedure which facilitated the assessment of lodicule 
size. 
 
3.2.2. PCR primer design, amplification and sequencing 
Genomic DNA was extracted from young leaves according to Komatsuda et al., (1998). 
Appropriate primers were designed using Oligo 6 software (W. Rychlick, National Bioscience, 
Plymouth, MN, USA) and DNAMAN v6.0 (Lynnon Biosoft, Quebec, Canada). The complete 
sequence of TmAP2 was amplified from genomic DNA template in the form of three overlapping 
fragments. The experimental details for the 50μl reactions used are given in Table 1. The 
resulting amplicons were electrophoresed through agarose gels made with TBE buffer, and were 
visualized by ethidium bromide staining. Purification of the amplicons was achieved using a 
QIAquick PCR purification Kit (QIAGEN, Germantown, MD, USA), and the products were then 
subjected to cycle sequencing using a Big Dye Terminator kit (Applied Biosystem, Foster, CA, 
USA). The sequencing reactions were purified by Agencourt CleanSEQ (Beckman, Beverly, MA, 
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USA), and processed through an ABI Prism 3130 genetic analyzer (Applied Biosystems). 
Sequence data were aligned using DNAMAN v6.0 software. 
 
3.2.3. cDNA synthesis and quantitative real-time PCR (qRT-PCR) 
Total RNA was extracted, using the TRIzol reagent (Invitrogen, Carlsbad, CA), from spikes 
sampled at the eight developmental stages defined by Kirby and Appleyard (1981), as well as 
from the leaf, shoot and root of young seedlings. The RNA represented the template for the 
synthesis of ss cDNA achieved via oligo (dT) priming, according to the Invitrogen RT-PCR 
first-strand synthesis protocol. Individual transcript abundances were obtained using the StepOne 
Real-Time PCR system (Applied Biosystems) in conjunction with THUNDERBIRD SYBR 
qPCR mix kit (Toyobo, Osaka), according to the manufacturers’ protocols. Each amplicon 
(relevant primer sequences given in Table 1) was inserted into pCR4-TOPO (Invitrogen), and 
used to generate a standard curve based on a dilution series of 4.0×10
-2
 to 5.1×10
-7
ng plasmid for 
TmAP2, and 2.5 to 3.2×10
-5
ng for the reference gene wheat Actin (NCBI accession number 
CJ932475). At least three independent biological replicates and at least two technical replicates 
per biological replicate were performed. 
 
3.2.4. Mapping the miR172-guided cleavage site 
Total spike RNA (extracted at the terminal spikelet stage) was subjected to an RNA-ligase 
mediated 5′ RACE (Kasschau et al., 2003) reaction, employing a GeneRacer kit (Invitrogen). 
This developmental stage was chosen because of its analogy to the stamen primordium stage in 
barley, the stage when miR172-guided cleavage of Cly1 was most clearly detectable (Nair et al., 
2010). The dephosphorylation and decapping steps were both omitted, so that only the 5′ ends of 
the truncated transcripts were ligated to the GeneRacer RNA oligomer. A nested PCR was based 
on a primer targeting the GeneRacer RNA oligomer, initially in combination with a gene-specific 
reverse primer, and subsequently with an internal gene-specific primer (Table 1). The resulting 
amplicons were electrophoresed through 1% agarose, inserted into the TA vector (TOPO TA 
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Cloning Kit, Invitrogen), and thence into E. coli (DH5α) competent cells. Randomly selected 
clones (without any prior size selection) were chosen for DNA sequencing 
 
3.3. Results 
3.3.1. Flower gaping and lodicule swelling in einkorn wheat 
The morphology of the pre-anthesis lodicules was normal (Fig. 1A, C). As anthesis 
approached, the lodicules swelled (Fig. 1B, D), forcing open the floret. Between the day prior to 
anthesis and anthesis itself, lodicule width expanded from 1.1 to 1.4mm (Fig. 1A, B) and its 
depth from 0.4 to 0.95mm (Fig. 1C, D).  
 
3.3.2. Isolation and structure of Cly1 homoeolog 
The characteristics of the TmAP2 sequence (Genbank accession no. AB778536) are given in 
Table 2. The length of its genomic DNA was 2,720bp (compared to 2,691bp for Cly1) and its 
open reading frame (ORF) length was 1,437bp (Cly1: 1,464bp). Its predicted gene product 
comprised 478 residues (Cly1: 487), representing an estimated molecular weight of 50-52KDa 
and predicted pI of ~7.2. The GC content in the TmAP2 ORF (71.6%) was slightly greater than 
in the barley ORF (70.5%), and considerably greater than in the full genomic DNA (respectively, 
62.1% and 60.8%). Nucleotide identity between the einkorn and barley orthologs was 78.8% in 
the genomic DNA and 90.4% in the ORF, while at the peptide level, the extent of the homology 
reached 89.1%. A comparison of the predicted einkorn wheat and barley polypeptides (Fig. 2) 
shows that their structural organization was identical and that they shared several conserved 
sequence features, namely the central core of the AP2 polypeptide including AP2 domains R1 
and R2, the α-helix, the highly basic ten residue domain thought to be a nuclear localization 
signal, the AASSFGF box and the motifs 1 through 3 (Jofuku et al., 1994; Tang et al., 2007). 
 
3.3.3. Transcription profiling of TmAP2 
qRT-PCR analysis revealed that TmAP2 was transcribed throughout spike development 
(from the glume primordium stage until anthesis) (Fig. 3). The abundance of the transcript 
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increased as the spike developed. TmAP2 transcript was also detectable in leaf, shoot and root 
tissue, although its abundance was markedly lower than in the spike (Fig. 3) 
 
3.3.4. miR172-guided cleavage of TmAP2 transcript 
The TmAP2 sequence shared the miR172 binding site sequence carried by the dominant 
allele at Cly1, except for an A/U polymorphism at the 5' end (Fig. 4); this polymorphism also 
occurs within barley, but it has no effect on flowering habit (Nair et al., 2010). The modified 5’ 
RACE experiment was expected to generate 134bp fragments from the TmAP2 transcript, and 
this was the case for 83 of the 90 clones analysed; cleavage occurred between the A and U 
nucleotides (Fig. 4), as is also the situation in Cly1 (Nair et al., 2010). The remaining seven 
clones represented 3’ untranslated region sequence consistent with random mRNA breakage, 
again as has been observed in barley (Nair et al., 2010). 
 
3.4. Discussion 
The einkorn wheat ortholog of Cly1 shares the same ten exon structure as the barley gene, 
and also includes the 21nt mi172 targeting site (Table 2). Both genes belong to the AP2 family of 
putative transcription factors, the characteristic feature of which is the presence of two DNA 
binding motifs consisting of ~68 conserved residues, referred to as the AP2 domain (Jofuku et al., 
1994). The two genes share the same sequence in motifs 1, 2 and 3, the nuclear localization 
signal, the two AP2-domains and the AASSGF box. The einkorn wheat gene is transcribed in the 
leaf, shoot, root, but most abundantly in the spike throughout development, particularly at 
anthesis (Fig. 3). This pattern of transcription is similar to that of Cly1 (Nair et al., 2010). The 
TmAP2 sequence at the miRNA targeting site is the same as that of the non-cleistogamous allele 
in barley (Fig. 4). Its transcripts were consequently cleaved, mainly between the A and U 
nucleotides (Fig. 4), as again in barleys carrying Cly1 (Nair et al., 2010). Around anthesis, the 
lodicules expanded to reach more than double the volume which they occupied at the green 
anther stage, allowing them to function as a lever to push the lemma aside and permit anther 
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extrusion, just as in non-cleistogamous barley (Nair et al., 2010). Thus the evidence is strong that 
TmAP2 is intimately involved in lodicule development and the determination of cleistogamy.  
Two naturally occurring cleistogamous alleles are known in barley, both of which are 
believed to be of relatively recent origin (Nair et al., 2010). The recessive nature of these alleles 
implies that their equivalents in wheat will not produce a cleistogamous phenotype unless 
present in the homozygous state. Mutagenesis could represent a good option for creating a 
cleistogamous einkorn wheat and the TILLing approach (Henikoff et al., 2004) provides an 
alternative to conventional phenotypic selection for identifying mutants. A further possibility for 
generating novel alleles is provided by site-specific nucleases based on the fusion between the 
DNA cleavage domain of FokI and a custom-designed DNA binding domain, such as the C2H2 
zinc-finger motif for zinc finger nucleases (ZFNs) (Urnov et al., 2010) and the truncated 
transcription activator-like effector (TALE) domain for TALE nucleases (Miller et al., 2011).  
The identification of TmAP2 as the controlling gene for cleistogamy provides a starting 
point for developing a breeding program based on the cleistogamous flowering type in diploid 
wheat. Although known in barley, the trait has not been documented as yet in wheats at any of its 
three ploidy levels. The major advantage of cleistogamy is that pollen-mediated gene flow is 
minimized, thus assuring the maintenance of genetic integrity, and in the case of genetically 
modified varieties, protecting against transgene escape. A further advantage of the trait lies in 
improving the level of resistance against certain Fusarium spp. pathogens, which enter the plant 
through the gaping floret (Gilsinger et al. 2005; kubo et al. 2010). Some suggestion has been 
made that cleistogamy can impart a degree of drought tolerance to plants at flowering time. In 
Collomia grandiflora, for example, moisture stress has been shown to increase the proportion of 
cleistogamous flowers produced, an adaptation interpreted as representing a means of increasing 
reproductive success in the face of drought (Minter, 1981). The non-cleistogamous flowers of 
wheat provide no protection to the stigma and the anther from dehydration, so it is possible that 
seed set under drought stress may be higher in cleistogamous than in non-cleistogamous types. 
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3.5. Summary 
Cleistogamy involves the shedding of pollen within an enclosed flower. In barley, this trait 
is determined by the presence of a recessive allele at the gene Cly1, a member of the AP2 gene 
family. Here we show that the Cly1 ortholog in einkorn (diploid) wheat (Triticum monococcum) 
TmAP2 shares a similar structure and identical pattern of transcription as Cly1. The transcript 
abundance of TmAP2 was high in the spike around the time of anthesis, but low in the leaf, 
plumule and radicle. The TmAP2 transcript was cleaved at its miR172 target site. Flower gaping 
at anthesis in einkorn wheat is induced by the expansion of the lodicules. 
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3.6. Figures and tables 
 
 
 
 
 
 
Fig. 1 Lodicule development in einkorn wheat prior to (A, C) and at (B, D) anthesis. The double headed 
arrows indicate (A, B) the width, and (C, D) the depth of the lodicule. lo: lodicule. (Bar: 1mm) 
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Fig. 2 Alignment of the predicted TmAP2 protein from einkorn wheat and CLY1 (ACY29532). The 
characteristic features motifs 1-3, the nuclear localization signal, the two AP2 domains R1 and R2 and 
the AASFG box are shown boxed. The α-helical structure in the core of region of each AP2 domain is 
shown delimited by arrows. 
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Fig. 3 qRT-PCR-based transcription profiles of TmAP2 in the developing spike (1: glume primordium stage, 
2: lemma primordium stage, 3: floret primordium stage, 4: terminal spikelet stage, 5: white anther stage, 
6: green anther stage, 7: yellow anther stage, 8: anthesis) and in non-floral organs. Actin was used as the 
reference gene. Values represent the mean ± S.E. (n=3). 
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Fig. 4 miR172-guided mRNA cleavage of TmAP2 mRNA. The 5’ termini of the cleaved products were 
identified using a modified 5’ RACE approach. Vertical arrows indicate the inferred 5’ termini of 
miR172-guided cleavage, and the number above each arrow gives the proportion of clones containing 
that site. The horizontal arrows refer to cleavage downstream of the miR172 site. The miR172-guided 
mRNA cleavage of Cly1 mRNA was taken from Nair et al. (2010). 
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Table 1 PCR primer sequences and details of the PCR conditions applied
Category Targeted site (size bp) Primer name Primer sequence (5'-3') PCR mixture PCR amplification reaction Electrophoresis
Buffer MgCl2 DMSO PCR cycles (x 30) Final Extension Agarose
(mM) (%) (%)
Genomic DNA amplification TmAP2 _fragment 1 (1200 bP) U1005A23 GCAGACCAGAGAGAGGCTAGAGG 0.2×GC Buffer II 2.5 8  94°C/60 s, 57°C/60 s, 72°C/120 s 72°C/10 min 1
2223L20 CTGCAAGGCCAATTACAGGT
TmAP2 _fragment 2 (2000 bp) F695 TGCGGCAAGCAGGTCTATCTG 1×Ex Taq polymerase buffer 2 8  94°C/60 s, 65°C/60 s, 72°C/120 s 72°C/10 min 1
Rest1479 CCTGCGTGGCGATGTAGGGTG
TmAP2 _fragment 3 (230 bp) F-est1320 TGCACGGCTGGGGCAACGTC 1×Ex Taq polymerase buffer 2.5 8  94°C/30 s, 68°C/30 s, 72°C/30 s 72°C/7 min 3
L3721A19 CGGTGGTGGAGCTGGCAAG
3' UTR for qRT-PCR TmAP2 (99 bp) A3718U19 AAGCTTGCCAGCTCCACCA
A3794L19 CCCATGCTCCTCCGTGATC
Actin DN182500F425 AAGTACAGTGTCTGGATTGGAGGG
DN182500R533 TCGCAACTTAGAAGCACTTCCG
miR172-guided cleavage site for modified 5' RACE TmAP2  frist primer A3794L19 CCCATGCTCCTCCGTGATC
TmAP2 nested primer L3721A19 CGGTGGTGGAGCTGGCAAG  
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Length GC identify Length GC identify Length MW PI identify 
(bp) (%) introns   exons  (%) (bp) (%) (%)  (aa)  (KDa) (%)
2691 60.8 9 10 100 1464 70.5 100 487 51.7523 7.18 100
2720 62.1 9 10 78.8 1437 71.6 90.4 478 50.2700 7.23 89.1
Genomic DNA: From start to stop codons; ORF: Open reading frame; pl: isoelectric points
The percentage of identify was estimated by alignment  with the H. vulgare cv. AZ (GenBank: GQ403050)
Table 2 Homology between Cly1  and its einkorn wheat ortholog TmAP2
TmAP2
Cly1
Genomic DNA ORF Protein
Number of
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Chapter 4. 
Variation in the wheat AP2 homoeologs, the genes 
underlying lodicule development 
 
4.1. Introduction 
Wheat is grown over a larger area than any other crop and, along with maize and rice, 
provides a large proportion of the human calorific intake. The two major forms of wheat in 
cultivation are durum, an AABB tetraploid (Triticum durum) and bread, an AABBDD hexaploid 
(T. aestivum). The diploid progenitor of the A genome is known to be T. urartu (Chapman et al 
1976) and that of the D genome Aegilops tauschii (Kihara 1944, McFadden and Sears 1946). The 
progenitor of the B genome has yet to be established, but is likely to have been an extant or 
extinct species belonging to the Sitopsis section of Aegilops (Riley et al. 1958, Petersen et al. 
2006, Kilian et al, 2007).  
In barley, the major form of cleistogamy is determined by homozygosity for a recessive 
allele at the cleistogamy1 (cly1) locus on chromosome 2H (Kurauchi et al. 1994, Turuspekov et 
al. 2004). The Cly1 gene encodes a homolog of Arabidopsis thaliana AP2, and thus was 
renamed HvAP2 by Nair et al. (2010). The sequence of the recessive HvAP2 allele differs from 
that of the wild type allele by a single nucleotide change at its miR172 targeting site, with the 
result that its transcript escapes cleavage. In the presence of sufficient intact HvAP2 transcript, 
the lodicules fail to develop properly, preventing normal opening of the floret. 
Three bread wheat orthologs of HvAP2 have been identified, residing on the chromosomes 
homeologous to its site in barley (chromosome 2H). These genes - TaAP2-A, TaAP2-B and 
TaAP2D - are all abundantly expressed in the wheat flower and particularly in the lodicule 
(Chapter 2), and they are all cleaved by miR172. As the role of the lodicule in exposing the 
stigma and the style at anthesis is the same in wheat as it is in barley, these genes are rational 
targets for engineering cleistogamy in wheat. Here, we report a survey of the natural variation for 
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TaAP2 sequence across a diverse panel of wild and domesticated wheats, including the (likely) 
diploid progenitors of the bread wheat A, B and D genomes.  
 
4.2. Materials and methods 
4.2.1. Assessment of flowering phenotype 
The germplasm panel consisted of 63 accessions, of which 24 were diploids, 23 tetraploids 
and 16 hexaploids (Table 1). The material was grown in the field at Tsukuba, Japan. Just prior to 
anthesis, three spikes still attached to the peduncle were detached from each accession, and the 
lemma of spikelets in the middle portion of the spike was removed to allow imaging of the 
lodicules. Lodicule height and depth were obtained from these images using Makijaku v1.1 
software (http://cse.naro.affrc.go.jp/iwatah/). Maintaining the spikes in a 100mg/l solution of 
2,4-D for 24h at room temperature facilitated the assessment of the maximum lodicule width and 
depth attained. 
 
4.2.2. DNA amplification and sequencing 
Genomic DNA was extracted from young, freshly harvested leaves according to Komatsuda 
et al. (1998). The three TaAP2 homoelogous sequences were amplified from their start to their 
stop codon using primers detailed in Table 2. Each 50μl PCR targeting TaAP2-A fragment 1 
contained 0.2x GC Buffer II; amplification reactions targeting TaAP2-A fragment 2, TaAP2-B 
and TaAP2-D were based on 1x Ex Taq polymerase buffer. All reactions contained 0.25U Ex Taq 
polymerase (Takara, Tokyo, Japan), 0.6μM of each primer, 0.2mM dNTP, 2.0 or 2.5mM MgCl2, 
8 or 12% v/v dimethyl sulphoxide and 40ng genomic DNA. The PCR regime comprised a 
denaturation step (94°C/5min), followed by 30 cycles of 94°C/1min, 57 or 65°C 
(primer-dependent)/1min, 72°C/2min, and a final extension step (72°C/10min). The resulting 
amplicons were electrophoresed through 1% agarose (Iwai Kagaku, Tokyo, Japan) in 0.5x TBE 
buffer and were visualized using EtBr staining to check that amplification had been achieved. 
The amplicons were purified using a QIAquick PCR purification kit (QIAGEN, Germantown, 
MD, USA) in preparation for their cycle sequencing using a Big Dye Terminator kit (Applied 
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Biosystem, Foster, CA, USA). The sequencing reactions were purified by Agencourt CleanSEQ 
(Beckman, Beverly, MA, USA) and analyzed using an ABI Prism 3130 device (Applied 
Biosystem).  
 
4.2.3. Sequence alignment and phylogenetic analysis 
Multiple sequence alignments at both the nucleotide and predicted polypeptide level were 
performed using DNAMAN v6.0 software (Lynnon Biosoft, Quebec, Canada). Phylogenetic 
trees were constructed based on the neighbor-joining method, using MEGA v5 software (Tamura 
et al. 2011). Bootstrap analysis was based on 1,000 replicates. 
 
4.3. Results 
4.3.1. Flower opening and lodicule swelling in wheats of varying ploidy level  
Anthesis was reached over the period early May to mid-June, although six of the 63 
accessions did not reach flowering. All plants formed normal lodicules, and prior to anthesis, all 
florets were enclosed tightly by the palea and lemma. At anthesis, anther extrusion was driven by 
the swelling of the lodicules (Figure 1). The range in lodicule width and depth displayed by the 
accessions prior to and at anthesis is given in Table 1. Their width prior to anthesis ranged from 
0.40-0.72mm among the diploid accessions, 0.57-0.95mm among the tetraploids and 
0.74-0.94mm among the hexaploids; while at anthesis, the respective ranges were 0.57-0.93mm, 
0.76-1.10mm and 0.90-1.17mm. Similarly lodicule depth varied from 0.27-0.54mm, 
0.38-0.76mm and 0.27-0.61mm prior to anthesis, and 0.55-1.01mm, 0.79-1.45mm and 
0.91-1.39mm at anthesis (Figure 2). Overall, lodicule depth at anthesis was about double that 
prior to anthesis. Accession to accession variation in lodicule size was considerable (the largest 
was more than twice the size of the smallest) but continuous, unlike in barley (Nair et al. 2010).  
 
4.3.2. TaAP2: nucleotide sequences 
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The full set of TaAP2 homoelog sequences has been deposited in GenBank as accession 
AB761159 to AB761202, AB774238 to AB774291 (Table 1). All three homoeologs comprised 
ten exons, with a 21nt miR172 targeting site sited in the tenth exon.  
A sample of 43 TaAP2-A sequences, obtained from seven T. urartu, 18 T. turgidum (AABB 
tetraploid), two T. timopheevi (AAGG tetraploid) and 16 T. aestivum accessions, revealed 16 
haplotypes (Figure 3). The most common haplotype (Hap-A3) was present in 14 accessions (nine 
T. turgidum and five T. aestivum accessions), followed by Hap-A6 (six accessions: three T. 
turgidum and three T. aestivum) and Hap-A7 (four T. aestivum accessions). Both Hap-A1 and 
Hap-A2 were present in three accessions (the former all T. aestivum, and the latter all T. urartu). 
Hap-A4 and Hap-5 each were represented by two accessions (the former comprising one T. 
turgidum and one T. aestivum accession, and the latter two T. turgidum accessions). The 
remaining nine haplotypes were unique to a single accession: Hap-A8 to -A11 were specific to T. 
urartu, Hap-A12 to -A14 to T. turgidum, and A15 to -A16 to T. timopheevi. Exon variation 
involved four single nucleotide substitutions and four indels; five of these eight polymorphisms 
induced an altered peptide sequence; the intron variation involved 20 single nucleotide 
substitutions and three indels (Figure 3). 
TaAP2-B and TaAP2-S sequences were recovered from two accessions of Ae. speltoides 
(SS), 17 of T. turgidum (eight subspecies) and 16 of T. aestivum. A total of 17 haplotypes was 
recognized (Figure 3). The most common haplotype (Hap-B1) was present in four T. turgidum 
and nine T. aestivum accessions, Hap-B2 in two T. turgidum and two T. aestivum accessions, 
Hap-B3 in three T. turgidum accessions, and Hap-B4 in two T. turgidum accessions. The 
remaining haplotypes were unique to a single accession: Hap-B5 and -B6 to Ae. speltoides, -B7 
to -B12 to T. turgidum, and -B13 to -17 to T. aestivum. The variation in intron sequence involved 
65 involved single nucleotide substitutions and 25 indels, and that in the exon sequence 34 single 
nucleotide substitutions and 25 indels. Of the latter, 24 induced an altered peptide sequence 
(Figure 4). 
The TaAP2-D sequences were obtained from eight Ae. tauschii and 15 T. aestivum 
accessions. The most common of the five haplotypes recognized was Hap-D3, which was present 
in four Ae. tauschii and 13 of the 15 T. aestivum accessions. Hap-D2 was represented in three Ae. 
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tauschii accessions, while Hap-D1 and -D5 each had one T. aestivum accession, and Hap-D4 one 
Ae. tauschii accession. There were 16 single nucleotide substitutions and five indels in the 
intronic sequence, and nine single nucleotide substitutions and three indels in the exonic 
sequence; five of the latter induced an altered peptide sequence (Figure 5). 
With respect to the miR172 targeting sites, the second nucleotide was uniformly a cytosine 
in TaAP2-B (S), and a thymine in TaAP2-A and TaAP2-D (Figure 8).  
 
4.3.3. TaAP2: peptide sequences 
At the polypeptide level, the 16 TaAP2 haplotypes collapsed into seven distinct 
polypeptides: the products translated from Hap-A1 and -A7 were indistinguishable from one 
another, as were those from -A2, -A8, -A9, -A10 and -A11, those from -A3, -A6 and -A13, those 
from -A15 and -A16, and those from -A5 and -A14. The gene products of Hap-A4 and -A12 
were different from the other five, as well as from one another. For TaAP2-B(S), the 17 
haplotypes collapsed into ten distinct polypeptides: the products translated from Hap-B1, -B4 
and -B17 were indistinguishable from one another, as were those from -B2 and -B13 and those 
from -B3, -B10, -B11 and -B15. The remaining haplotypes (Hap-B5, -B6, -B7, -B9, -B12, -B14 
and -B16) each produced a unique polypeptide. For TaAP2-D, the five haplotypes collapsed into 
four distinct polypeptides: the products translated from Hap-D3 and -D5 were indistinguishable 
from one another, while the others each produced a unique polypeptide. A comparison of the 
three homoeologous TaAP2 protein sequences is shown in Figure 6. Their structural organization 
was identical and they shared several conserved sequence features, namely the central core of the 
AP2 polypeptide (residues 118-276; boxed in Figure 6), including AP2 domains R1 and R2 and 
the α-helix, the highly basic ten residue domain thought to be a nuclear localization signal 
(residues 108-117, boxed in Figure 6), the AASSFGF box (residues 460-477, boxed in Figure 6), 
and the three motifs (residues 1-5, 50-56 and 289-294, boxed in Figure 6) (Jofuku et al., 1994; 
Tang et al., 2007). The only variant detected involved the TaAP2-A sequence present in 
KU-1091 and the TaAP2-B sequence in KU-173, both of which had a single residue substitution 
at, respectively, positions 271 and 274 (Figure 6). 
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4.3.4. TaAP2 phylogeny 
The phylogeny of the TaAP2 genes is shown as Figure 7. Each of the three homeologs 
formed a distinct clade. The TaAP2-A and TaAP2-D clades appeared to be more closely related to 
one another than to the TaAP2-B(S) clade. Within the TaAP2-A clade, two sub-groups were 
recognizable: one comprised the T. urartu sequences Hap-A2, -A8, -A9, -A10 and -A11, and the 
other the A genome sequences present in T. timopheevi, T. turgidum and T. aestivum. For 
TaAP2-B(S), all but three of the haplotypes clustered into one large clade; Hap-B14 (present in T. 
aestivum subsp. compactum) was an outlier, as were the two haplotypes Hap-B5 and -B6, both 
present in Ae. speltoides. The phylogeny of the TaAP2-D sequences was less easy to interpret, 
because only five haplotypes were represented. However, the sequences Hap-D3 (Aegilops 
tauschii ssp. tauschii morphological varieties ‘typica’: KU-20-1 and morphological varieties 
‘meyeri’ KU-20-10, two lines of ssp. strangulata, and most of wheats), Hap-D4 (ssp. strangulate 
KU-20-9 ) and -D5 (T. aestivum vavilovii KU-192) formed a clear subgroup, which was not 
closely related to either the -D1 (Chinese Spring) or the -D2 (Aegilops tauschii subsp. tauschii: 
AS60, AS64 and AS68) sequence 
 
4.4. Discussion 
Lodicule swelling at anthesis is ubiquitous in wheat and its near relatives at all ploidy levels; 
the mechanical pressure which this process generates is sufficient to prise apart the lemma and 
the palea and allow the stamens to be extruded. The identical mechanism is used by 
non-cleistogamous barley cultivars (Nair et al. 2010). All three homeologous versions of TaAP2 
were structured into ten exons, and their sequences were highly homologous with one another. 
The sequence variation between them was concentrated more in the intronic than in the exonic 
DNA (Figures 3-5). The sequence of the miR172 targeting site was very highly conserved 
throughout, with the only variants detected among the 101 re-sequenced TaAP2 genes being at 
the second nucleotide (Figure 8). The miR172 targeting site sequences matched those present in 
the TaAP2 homoeologs of the bread wheat cv. Shinchuanga, which are all successfully cleaved 
by miR172 (Chapter 2), while the T/C polymorphism (which discriminated the TaAP2-B version 
80 
from that of both TaAP2-A and -D) in barley is known to have no effect on cleistogamy (Nair et 
al. 2010). At the polypetide level, all of the TaAP2 products shared the same structural 
organization and retained the key features of the protein, namely the AP2 domain, the putative 
nuclear localizing signal, the AASSFGF box and the three motifs (Jofuku et al. 1994, Tang et al. 
2007). The only departures from this conservation related to TaAP2-A in accession KU-1091 and 
TaAP2-B in accession KU-173, but in both of these accessions, the lodicules became swollen at 
anthesis, meaning that their TaAP2 polymorphism was non-functional in terms of cleistogamy – 
presumably because it had no effect on TaAP2 transcript abundance. Thus, the indication is that 
all three TaAP2 genes are regulated by miR172 cleavage, in the same way as occurs in barley, 
and that as a result, non-cleistogamy in wheat is determined by the successful cleavage of TaAP2 
mRNA. 
Although the germplasm studied here was extremely diverse, covering a range of ploidy 
levels and ranging from cultivated varieties to wild relatives, the plants were uniformly 
non-cleistogamous, and their TaAP2 sequences were highly conserved. No functional mutations 
at the miR172 targeting site were identified. Non-cleistogamy is the norm in barley as well, but 
two naturally occurring cleistogamous types carrying distinct alleles at HvAP2 have been 
identified (Nair et al. 2010). As both of these alleles are recessive to the wild type 
non-cleistogamous allele, the implication is that in polyploid wheat, functional TaAP2 mutants 
are unlikely to display a cleistogamous phenotype, because their effect will be hidden by the 
presence of a wild type allele at the other homeolocus(loci). Engineering a cleistogamous 
hexaploid wheat will require the presence of a functional TaAP2 mutant at each of the three 
homoeoloci. Given the absence of any such alleles among the 101 re-sequenced TaAP2 genes, 
the likelihood of finding a naturally occurring mutant appears to be rather low. Therefore, the 
TILLING approach (Henikoff et al. 2004) could provide an attractive platform for detecting 
allelic variants. Alternatively, Site-specific nucleases which have been designed by fusing the 
DNA cleavage domain of FokI and a custom-designed DNA binding domain, such as the C2H2 
zinc-finger motif for zinc finger nucleases (ZFNs) (Urnov et al. 2010) and the truncated 
transcription activator-like effector (TALE) domain for TALE nucleases (Miller et al. 2011) 
could lend itself readily to engineering the miR172 targeting site in wheat. 
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The D genome donor Ae. tauschii has been taxonomically divided on the basis of its 
morphology into four types, of which three (‘typica’, ‘meyeri’ and ‘anathera’) have been 
grouped together to form subsp. tauschii, while strangulata forms its own subspecies. It was 
indicated that the donor of the bread wheat D genome belonged to subsp. strangulata (Jaaska 
1980, Dvorak et al., 1998; Xiang et al., 2009). The two strangulata accessions and the single 
accessions of typica and meyeri all shared the same TaAP2-D sequence, which was also present 
in all bar two of the T. aestivum accessions. The two subsp. strangulata lines and the ‘typica’, 
and ‘meyeri’ representatives proved to be phylogenetically close to T. aestivum but distinct from 
the other subsp. tauschii accessions, providing evidence to support the hypothesis that ‘typica’ 
and ‘meyeri’ are equidistant from subsp. strangulata, although both belong to the strangulata 
genepool (Dvorak et al., 1998). 
 
4.5. Summary 
The bread wheat genome harbors three homoeologs of the barley gene HvAP2, which 
determines the cleistogamous/non-cleistogamous flowering. The importance of lodicule swelling 
in assuring non-cleistogamous flowering in a range of wild and domesticated wheat accessions 
of varying ploidy level was established. Re-sequencing of the TaAP2 genes was carried out to 
identify natural variation at both the nucleotide and polypeptide level. The TaAP2 sequences are 
highly conserved even across different ploidy levels, and no functional variants at the key 
miR172 targeting site were detected.  
 
 
82 
4.6. Figures and tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Variation in lodicule size across wheat ploidy levels. A: T. urartu (AA) PI428230, B: Ae. speltoides (SS) 
PI487231, C: Ae. tauschii (DD) KU-20-1, D: T. durum (AABB) KU-125, E: bread wheat (AABBDD) cv. ‘Chinese 
Spring’. Lodicule width and depth indicated by arrows. Left panel: prior to anthesis, right panel: at anthesis. 
Bar: 1mm. 
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Fig. 2 Variation in lodicule size displayed by 57 accessions of diploid, tetraploid and hexaploid wheat. 
Lodicule size was measured (A) prior to, and (B) at anthesis. 
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Fig. 3 Haplotype variation in TaAP2-A in a sample of diploid, tetraploid and hexaploid wheats. Variation from the TaAP2-A 
sequence present in the bread wheat cv. Chinese Spring (CS) is indicated. Hap-A1: represented by accessions CS, KU-165 
and -265; Hap-A2 by KU-195-15, Cltr17664 and PI428254; Hap-A3 by KU-112, -113, -138, -141, -146, -147, -161, -162-2, 
-515, -187, -185, -188, cv. Fukuho and cv. Norin 61; Hap-A4 by KU-8817 and -157; Hap-A5 by KU-125 and -135; Hap-A6 by 
KU-114, -154, -156, -190-1, -193 and -197; Hap-A7 by KU-150, -153, -163 and -192; Hap-A8 by PI428186; Hap-A9 by 
PI428230; Hap-A10 by PI428253; Hap-A11 by PI428257; Hap-A12 by KU-108-2; Hap-A13 by KU-137; Hap-A14 by KU-198; 
Hap-A15 by KU-1901; Hap-A16 by KU-8735. Exonic polymorphisms indicated in bold, and those generating a changed 
peptide by asterisks. 
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Fig. 4 Haplotype variation in TaAP2-B in a sample of diploid, tetraploid and hexaploid wheats. Variation from the TaAP2-B 
sequence present in the bread wheat cv. Chinese Spring (CS) is indicated. Hap-B1: KU-114, -125, -141, -147, -154, -162-2, 
-163, -165, -193, -265, -515, CS and cv. Norin 61; Hap-B2: KU-156, -157, -161, -190-1; Hap-B3: KU-138, -146 and -185; 
Hap-B4: KU-112, -113; Hap-B5: PI487231; Hap-B6: PI542238; Hap-B7: KU-108-2; Hap-B8: KU-135; Hap-B9: KU-137; 
Hap-B10: KU-187; Hap-B11: KU-188; Hap-B12: KU-198; Hap-B13: KU-150; Hap-B14: KU-153; Hap-B15: KU-192; Hap-B16: 
KU-197; Hap-B17: cv. Fukuho. Exonic polymorphisms indicated in bold, and those generating a changed peptide by 
asterisks. 
Fig. 5 Haplotype variation in TaAP2-D in a sample of diploid, tetraploid and hexaploid wheats. Variation from the 
TaAP2-D sequence present in the bread wheat cv. Chinese Spring (CS) is indicated. Hap-D1: CS; Hap-D2: AS60, AS64 and 
AS68; Hap-D3: KU-20-1, -20-10, AS2386, AS2396 and all the hexaploid wheat accessions except KU-192; Hap-D4: 
KU-20-9; Hap-D5: KU-192. Exonic polymorphisms indicated in bold, and those generating a changed peptide by 
asterisks. 
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Fig. 6 Alignment of TaAP2 polypeptide sequences. Accessions within each of the haplotypes given in the legends to Figures 
3-5. The various key features of AP2 proteins are shown boxed, and the α-helix present in the core region of each AP2 
domain shown delimited by arrows. 
Motif 1 Motif 2 
Nuclear localizing signal AP2 domain R1 
AASSGF box 
Motif 3 AP2 domain R1 
α-helix 
 
α-helix 
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Fig. 7 TaAP2 phylogeny based on the full length genomic sequence using the neighbor-joining method. The 
sequence of barley Cly1 (HvAP2) used as the outgroup. Bootstrap values (%) based on 1,000 replicates. 
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 miR172 targeting sites 
  Cly1.a ...CAGCAGCATCATCACGATTCC... (266 lines) 
  cly1.b ...CAGCAGCGTCATCACGATTCC... (6 lines) 
  cly1.c ...CCGCAGCATCATCCCGATTCC... (2 lines) 
 TaAP2-A ...CTGCAGCATCATCACGATTCC... (41 lines) 
 TaAP2-B ...CCGCAGCATCATCACGATTCC... (35 lines) 
 TaAP2-D ...CTGCAGCATCATCACGATTCC... (23 lines) 
Barley 
Wheat 
Fig. 8 Sequence variation in the barley HvAP2 and wheat TaAP2 miR172 targeting site. 
Depth (mm) Width (mm) Depth (mm) Width (mm) TaAP2-A TaAP2-B (S )TaAP2-D
T. monococcum L. subsp. aegilopoides (Link) Thell. Wild AbAb KU-101-1 Collection of College of Agr., Hokkaido Univ., Japan 0.51 0.52 0.97 0.63 ND - -
T. monococcum L. subsp. aegilopoides (Link) Thell. Wild AbAb KU-101-2 Balaklava, Crimea, USSR 0.54 0.54 1.00 0.62 ND - -
T. monococcum L. subsp. aegilopoides (Link) Thell. Wild AbAb KU-103 Collection of Agr. Exp. Station., Tehran, Iran 0.49 0.49 0.83 0.61 ND - -
T. monococcum L. subsp. Monococcum Domesticated AmAm KU-104-2  Japan 0.43 0.59 0.81 0.63 ND - -
T. urartu Tumanian ex Gandilyan Wild AA KU-199-15 Baal Bek, Lebanon ND ND ND ND AB774265 - -
T. urartu Tumanian ex Gandilyan Wild AA PI428186 Mardin, Turkey ND ND ND ND AB774268 - -
T. urartu Tumanian ex Gandilyan Wild AA PI428230 Urfa, Turkey 0.42 0.47 0.94 0.62 AB774269 - -
T. urartu Tumanian ex Gandilyan Wild AA PI428253 Arbil, Iraq 0.38 0.48 0.88 0.73 AB774270 - -
T. urartu Tumanian ex Gandilyan Wild AA PI428254 Mus, Turkey ND ND ND ND AB774267 - -
T. urartu Tumanian ex Gandilyan Wild AA PI428257 Armenia 0.42 0.59 0.78 0.66 AB774271 - -
T. urartu Tumanian ex Gandilyan Wild AA CItr17664 Lebanon 0.42 0.56 0.66 0.60 AB774266 - -
Ae. speltoides  Tausch Wild SS PI170203 Kirklareli, Turkey 0.46 0.52 0.77 0.64 - ND -
Ae. speltoides  Tausch Wild SS PI499261 China 0.42 0.49 0.78 0.64 - ND -
Ae. speltoides  Tausch Wild SS PI487231 Halab, Syria 0.43 0.49 0.83 0.61 - AB774246 -
Ae. speltoides  Tausch Wild SS PI542238 Diyarbakir, Turkey 0.40 0.45 0.73 0.57 - AB774247 -
Ae. tauschii subsp. tauschii Wild DD AS60 Middle East 0.35 0.59 0.55 0.76 - - AB774238
Ae. tauschii subsp. tauschii Wild DD AS64 Canada -2 0.32 0.58 0.55 0.75 - - AB774239
Ae. tauschii subsp. tauschii Wild DD AS68 USA 0.37 0.64 0.63 0.81 - - AB774240
Ae. tauschii subsp. tauschii Wild DD AS82 Xinxiang prefecture, Henan, China 0.36 0.68 0.71 0.85 - - ND
Ae. tauschii subsp. tauschii  (morphological variety 'typica') Wild DD KU-20-1 Derbent, Caucasus, Dagestan, USSR 0.49 0.71 1.01 0.91 - - AB774243
Ae. tauschii subsp. tauschii (morphological variety 'meyeri') Wild DD KU-20-10 9 km NW of Ramsar (Chalus - Rasht), Iran 0.27 0.65 0.69 0.84 - - AB774244
Ae. tauschii subsp. strangulata (Eig) Tzvelev Wild DD KU-20-9 5 km W of Behshahr (Sari - Behshahr), Iran 0.35 0.72 0.64 0.93 - - AB774245
Ae. tauschii subsp. strangulata (Eig) Tzvelev Wild DD AS2386 Iran 0.36 0.64 0.59 0.91 - - AB774241
Ae. tauschii subsp. strangulata (Eig) Tzvelev Wild DD AS2396 Israel 0.34 0.50 0.62 0.77 - - AB774242
T. turgidum L. subsp. dicoccoides (Korn. ex Asch. & Graebn.) Thell.Wild AABB KU-108-2 20 km NW of Suweida (Cheikh Meskine - Suweida), Syria 0.45 0.57 1.05 0.76 AB774284 AB774259 -
T. turgidum L. subsp. dicoccoides (Korn. ex Asch. & Graebn.) Thell.Wild AABB KU-8817 North slope of Jabal Sinjar, N of Kursi, Iraq 0.64 0.84 1.13 0.99 AB774283 ND -
T. turgidum L. subsp. dicoccoides (Korn. ex Asch. & Graebn.) Thell.Wild AABB KU-198 Collected in Mt. Canaan (Israel) by Dr. Aaronsohn (1906), Israel 0.53 0.73 0.94 0.90 AB774288 AB774260 -
T. turgidum L. subsp. dicoccum (Schrank ex Schübl.) Thell. Domesticated AABB KU-112 Peiping, China 0.62 0.81 1.33 1.00 AB774274 AB774257 -
T. turgidum L. subsp. dicoccum (Schrank ex Schübl.) Thell. Domesticated AABB KU-113 Collection of Agr. Exp. Sta. of Koonosu, Japan 0.67 0.85 1.45 1.10 AB774275 AB774258 -
T. turgidum L. subsp. dicoccum (Schrank ex Schübl.) Thell. Domesticated AABB KU-114 Collection of Agr. Exp. Sta. of Koonosu, Japan 0.76 0.95 1.32 1.07 AB774289 AB774248 -
T. turgidum  L. subsp. durum (Desf.) Husn. Domesticated AABB KU-125 Collection of College of Agr., Hokkaido Univ., Japan 0.58 0.78 1.25 1.00 AB774285 AB774251 -
T. turgidum  L. subsp. durum (Desf.) Husn. Domesticated AABB KU-135 Collection of Univ. Wash., Pullman, USA 0.57 0.74 1.02 0.95 AB774286 AB774262 -
T. turgidum  L. subsp. durum (Desf.) Husn. Domesticated AABB KU-146 Unknown 0.39 0.85 0.90 1.09 AB774279 AB774255 -
T. turgidum  L. subsp. durum (Desf.) Husn. Domesticated AABB KU-185 Collected in Ethiopia by Dr. Furusato, Ethiopia 0.57 0.74 1.03 0.90 AB774281 AB774256 -
T. turgidum  L. subsp. durum (Desf.) Husn. Domesticated AABB KU-188 Unknown 0.44 0.70 1.08 0.93 AB774282 AB774264 -
T. turgidum L. subsp. turanicum  (Jakubz.) Á. & D. Löve Domesticated AABB KU-137 Unknown 0.37 0.63 0.90 1.03 AB774287 AB774261 -
T. turgidum L. subsp. carthlicum (Nevski) Á. & D. Löve Domesticated AABB KU-138 Unknown 0.56 0.70 0.91 0.89 AB774276 AB774254 -
T. turgidum L. subsp. carthlicum (Nevski) Á. & D. Löve Domesticated AABB KU-187 Unknown 0.45 0.68 1.18 0.98 AB774277 AB774263 -
T. turgidum L. subsp. polonicum (L.) Thell. Domesticated AABB KU-141 Collection of College of Agr., Hokkaido Univ., Japan 0.61 0.70 1.10 0.93 AB774278 AB774249 -
T. turgidum L. subsp. turgidum Domesticated AABB KU-147 Collection of College of Agr., Hokkaido Univ., Japan 0.49 0.61 1.10 0.91 AB774280 AB774250 -
T. turgidum L. subsp. paleocolchicum Á. & D. Löve Domesticated AABB KU-156 Unknown 0.49 0.75 1.24 0.89 AB774290 AB774252 -
T. turgidum L. subsp. paleocolchicum Á. & D. Löve Domesticated AABB KU-190-1 Unknown 0.62 0.76 1.50 1.05 AB774291 AB774253 -
T. timopheevi (Zhuk.) Zhuk. subsp. armeniacum (Jakubz.) SlagerenWild AAGG KU-1901 8 km W of Garni (Erevan - Garni), Armenia, USSR ND ND ND ND AB774272 ND -
T. timopheevi (Zhuk.) Zhuk. subsp. armeniacum (Jakubz.) SlagerenWild AAGG KU-8735 SSW of Rowanduz, Iraq 0.38 0.65 0.79 0.84 AB774273 ND -
T. timopheevi (Zhuk.) Zhuk. subsp. armeniacum (Jakubz.) SlagerenWild AAGG KU-8940 39.9 km N from Elazig to Hozat, Turkey 0.59 0.71 1.36 0.98 ND ND -
T. timopheevi (Zhuk.) Zhuk. subsp. timopheevii Domesticated AAGG KU-107-1 Unknown 0.53 0.77 1.38 1.05 ND ND -
T. timopheevi (Zhuk.) Zhuk. subsp. timopheevii Domesticated AAGG KU-107-4 Georgia, Collection of All-Union Inst. of Plant Indust., Leningrad, USSR0.52 0.75 1.25 1.02 ND ND -
T. aestivum L. subsp. Aestivum Domesticated AABBDD KU-163 Collection of Col Agr. Hokkaido Univ., Japan 0.44 0.76 0.92 0.92 AB761172 AB761176 AB761191
T. aestivum L. subsp. aestivum Domesticated AABBDD KU-165 Correns, Germany 0.61 0.88 1.00 1.03 AB761159 AB761177 AB761192
T. aestivum L. subsp. aestivum Domesticated AABBDD KU-265 Collection of Lab. of Plant Breeding, Facul. of Agr., Kyoto Univ., Japan0.51 0.80 1.00 0.99 AB761160 AB761179 AB761193
T. aestivum L. subsp. aestivum Domesticated AABBDD KU-515 Tibet, China 0.39 0.75 0.68 0.90 AB761163 AB761180 AB761194
T. aestivum L. subsp. aestivum Domesticated AABBDD Fukuho Japan ND ND ND ND AB761164 AB761188 AB761189
T. aestivum L. subsp. aestivum Domesticated AABBDD Norin 61 Japan ND ND ND ND AB761165 AB761181 AB761190
T. aestivum L. subsp. aestivum Domesticated AABBDD Chinese Spring China 0.52 0.86 1.38 1.17 AB749311 AB749312 AB749313
T. aestivum L. subsp. compactum (Host) Mackey Domesticated AABBDD KU-150 Collection of College of Agr., Hokkaido Univ., Japan, 0.51 0.74 0.91 0.93 AB761170 AB761184 ND
T. aestivum L. subsp. compactum (Host) Mackey Domesticated AABBDD KU-153 Collection of Univ. Wash., Pullman, USA 0.46 0.75 0.96 0.94 AB761171 AB761185 AB761195
T. aestivum L. subsp. macha (Dekapr. & A. M. Menabde) Mackey Domesticated AABBDD KU-154 Unknown 0.54 0.84 1.14 1.07 AB761167 AB761174 AB761196
T. aestivum L. subsp. macha (Dekapr. & A. M. Menabde) Mackey Domesticated AABBDD KU-193 Unknown 0.58 0.86 0.96 0.93 AB761168 AB761178 AB761197
T. aestivum L. subsp. macha (Dekapr. & A. M. Menabde) Mackey Domesticated AABBDD KU-197 Collection of Ankara Univ. (Agri), Turkey 0.51 0.94 1.39 1.15 AB761169 AB761187 AB761198
T. aestivum L. subsp. spelta (L.) Thell. Domesticated AABBDD KU-157 Collection of College of Agr., Hokkaido Univ., Japan 0.55 0.93 1.04 1.12 AB761166 AB761182 AB761199
T. aestivum L. subsp. sphaerococcum (Percival) Mackey Domesticated AABBDD KU-161 Unknown 0.43 0.85 0.92 1.01 AB761161 AB761183 AB761200
T. aestivum L. subsp. sphaerococcum (Percival) Mackey Domesticated AABBDD KU-162-2 Collection of Islamia College, Pakistan 0.39 0.79 0.98 0.95 AB761162 AB761175 AB761201
T. aestivum vavilovii  Jakubz. Domesticated AABBDD KU-192 Unknown 0.27 0.76 0.95 1.19 AB761173 AB761186 AB761202
GenBank Accession No.Lodicules  before anthesis Lodicules  at anthesis
Line
Accessions prefixed with KU provided by the Japanese National Bioresource Project, those with either PI and CItr by USDA-ARS, those with AS by Sichuan Agricultural University Triticeae Research Institute. ND: not determined. DNA sequences of T. aestivum  L. subsp.
aestivum  were previously published (Ning et al. 2013). Taxonomic classification follows the recommendation of http://www.ars-grin.gov/cgi-bin/npgs/html/index.pl.
Table 1. Source of germplasm utilized
Origin or SourceGenome Species Type
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Target Primer name Sequence of primer (5'-3') Primer name Sequence of primer (5'-3') Tm size
Buffer MgCl2 (mM) DMSO (%)  (°C) (kb)
TaAP2-A _fragment 1 U1005A23 GCAGACCAGAGAGAGGCTAGAGG 2223L20 CTGCAAGGCCAATTACAGGT 0.2×GC Buffer II 2.5 8 57 1.2
TaAP2-A _fragment 2 F695 TGCGGCAAGCAGGTCTATCTG A3794L19 CCCATGCTCCTCCGTGATC 1×Ex Taq polymerase buffer 2.0 8 65 2.0
TaAP2-B F-est2 AGAGCAGGGCAGAGGGAGGCGTAGGG R-est1543 GCTGGCTGCTCTCGACGGATGGT 1×Ex Taq polymerase buffer 2.0 8 65 2.8
TaAP2-D _fragment 1 55U24 GCAAGCAGGGAGGGGAGCTAGCCA R1690 GGCTCGAACTCCTCGGCG 1×Ex Taq polymerase buffer 2.5 12 65 1.8
TaAP2-D _fragment 2 F695 TGCGGCAAGCAGGTCTATCTG 3897L20 TGGAGCTGGTCTTGATGGTC 1×Ex Taq polymerase buffer 2.5 8 65 2.0
Table 2. PCR primer sequences used for the amplification of TaAP2  homoelogs.
PCR mixture
9
1
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Chapter 5. 
General conclusion 
 
Cleistogamy, a breeding system in which permanently closed, self-pollinated flowers are 
produced, is a useful way for wheat breeding. We described the three homoeologous orthologs of 
the barley cleistogamy gene Cly1, a member of the AP2 genes family. As in barley, the wheat 
genes (designated TaAP2-A, -B and -D) map to the sub-telomeric region of the long arms of the 
group 2 chromosomes. The structure and pattern of transcription of the TaAP2 homoeologs was 
similar to those of Cly1. Transcript abundance was high in the florets, and particularly in the 
lodicules, indicating important roles in lodicules development. The TaAP2 message was cleaved 
at its miR172 target sites similar to barley non-cleistogamous genotype. Comparison of the DNA 
and amino acid sequences from these materials suggested that TaAP2 genes are much conserved 
in different ploidy wheat. The lodicules swelling generated the considerable force necessary to 
prise the stiff lemma off allowing the anthers exposed out in pollination. The set of 
homoeolog-specific PCR assays developed will be informative for identifying either naturally 
occurring or induced cleistogamous alleles at each of the three wheat homoeologs. By combining 
such alleles via conventional crossing, it should be possible to generate a cleistogamous form of 
bread wheat, which would be advantageous both with respect to improving the level of the crop's 
resistance against the causative pathogen of fusarium head blight, and for controlling 
pollen-mediated gene flow to and from genetically modified cultivars. 
In previous studies, the AP2-like Q, which affected free-threshing or seed shattering by 
abscission zone and a repertoire of characters important for domestication, was identified as 
three homoeologs located on 5A, 5B and 5D (Simons et al., 2006). The evolution of Q/q loci in 
polyploidy wheat resulted in the hyperfunctionalization of 5AQ, pseudogenization of 5Bq, and 
subfuctionalization of 5Dq (Zhang et al., 2011). In rice, the SHAT1 (OsAP2) belonged to AP2 
subfamily and involved in seed shattering through specifying abscission zone development 
(Zhou et al., 2012). In the same time shat1 mutant enlarged the size of and/or increased the 
number of lodicules, and transformed lodicules to lemma/palea-like organs. Therefore, SHAT1 
 93 
functions of development of lodicules and seed shattering are controlled by the two genes TaAP2 
(development of lodicules) and Q (seed shattering) in wheat. 
Q has the 21 nt miR172 targeting site in exon 10, which points to a possible role of miRNA 
in regulation of Q/q loci expression (Simons et al., 2006; Zhang et al., 2011). The miR172 
binding site of entire q alleles sequence from A, B and D genome have near perfect 
complementarity, except for a single nucleotide mismatch conserved in cereals, with miR172. 
All Q alleles resequenced (Simons et al., 2006; Zhang et al., 2011) contained a single nucleotide 
mutation at the position 20 (3' end) of the microRNA binding site in mRNA, which was 
complementary to the 2nd nucleotide (5’ end) of TamiR172a and c (Chapter 2, Figure 7). 
miRNAs with the near perfect complementary to their targets are predicted to cause RNA 
cleavage in the q allele, such as wild type Cly1 allele of barley (Nair et al. 2010) and TaAP2 
genes (This study). The positions 10 to 20 of miR172 target site in mRNAs, which is in 
responsible for pairing with the 5’ portion of miRNA, is specifically sensitive to mismatch, 
because the region is most critical for mRNA recognition pairing between miRNAs and mRNAs 
(Lewis et al., 2003; Schwab et al., 2005). The introduction of such mutations in this area can 
disrupt microRNA targeting in Q. Consequently, only q alleles mRNA should be cleaved by 
miR172 and the single nucleotide substitution in miR172 target site generated Q allele during the 
wheat domestication (hypothesis). 
Cly1.a is dominant over cly1.b despite Cly1.a mRNA is subject to miR172-assisted 
cleavage (Nair et al. 2010). One possible model suggested to explain this (Nair et al. 2010) was 
based on the miRNA-guided formation of transacting small RNAs (ta-siRNAs) derived from a 
single transcript (Allen et al., 2005). In the meantime, in Arabidopsis thaliana miR172a-e 
cleaved the RNA, the cleavage of RNA can trigger the production of secondary small RNA 
(siRNA) (Manavella et al., 2012). miRNA-dependent transacting small RNAs (ta-siRNAs) is one 
of siRNA. Therefore, AP2 may also be controlled by miRNA-dependent ta-siRNAs. The other 
model was built on the basis of threshold quantity of AP2 that the mRNA from Cly1.a is 
cleavage by miR172, the amount of HvAP2 falls below the threshold level sufficient to suppress 
the development of lodicules in homozygous Cly1.a and heterozygote Cly1.a/cly1.b. In AP2-like 
Q gene, square head spike wheat has Q allele on the chromosome 5A; speltoid spike wheat has q 
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allele on the chromosome 5A, Q is incompletely dominant to q, five doses of ssp. spelta 5A 
(qqqqq) gave squarehead spike that corresponding approximately to two doses of chromosome 
5A from euploid Chinese spring (QQ) (Muramatsu, 1963). It suggests that AP2 is also controlled 
by threshold quantity. So it is not clear which model is critical for AP2. To make it clear, we can 
utilize the TaAP2 gene in hexaploid wheat, which express in all A, B and D genome. We are 
creating the cleistogamous wheat, which has homozygote of cleistogamous miRNA172 targeting 
site on A, B and D genome. Simultaneously, we can obtain the wheat, which has homozygote of 
cleistogamous miR172 targeting site on two genomes of A or B or D and heterozygote on the 
rest of one genome. If these wheat lines also turned into cleistogamous wheat, it proves the 
model threshold quantity is critical for AP2. Conversely, if they are noncleistogamous wheat, it’s 
likely due to miRNA-dependent ta-siRNAs or the amount of mRNA product below the threshold 
level yet. Therefore, further studies may give us a clearer indication of which model is critical 
for AP2 in wheat. 
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Abstract in English 
 
The majority of genes present in the hexaploid bread wheat genome are present as three 
homoeologs. Here, we describe the three homoeologous orthologs of the barley cleistogamy 
gene Cly1, a member of the AP2 gene family. As in barley, the wheat genes (designated TaAP2-A, 
-B and -D) map to the sub-telomeric region of the long arms of the group 2 chromosomes. The 
structure and pattern of transcription of the TaAP2 homoeologs were similar to those of Cly1. 
Transcript abundance was high in the florets, and particularly in the lodicule. The TaAP2 
message was cleaved at its miR172 target sites. The set of homoeolog-specific PCR assays 
developed will be informative for identifying either naturally occurring or induced cleistogamous 
alleles at each of the three wheat homoeologs. By combining such alleles via conventional 
crossing, it should be possible to generate a cleistogamous form of bread wheat, which would be 
advantageous both with respect to improving the level of the crop's resistance against the 
causative pathogen of fusarium head blight, and for controlling pollen-mediated gene flow to and 
from genetically modified cultivars. TaAP2 genes were much conserved in different ploidy, and 
there was no mutation in miR172 targeting sites. Comparison of the DNA sequences also support 
morphological varieties ‘typica’ and ‘meyeri’ of Ae. tauschii ssp. tauschii are equidistant to ssp. 
strangulata genepool, and subspecies strangulata was the D genome donor of hexaploid wheat. 
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Abstract in Japanese 
 
六倍体パンコムギのゲノムに存在する大多数の遺伝子は、3つの同祖遺伝子として
存在する。 この研究では、パンコムギにオオムギ閉花受精遺伝子Cly1（AP2ファミリの
メンバー）の相同遺伝子が3つの同祖遺伝子の関係にあるということを示す。その結果、
コムギから単離された3つの同祖遺伝子（TaAP2-A、-B、-Dと命名された）はオオムギ閉
花受精遺伝子Cly1のように、第二同祖群染色体の長腕の末端に座乗した。TaAP2ホメオ
ログの構造と転写のパターンはCly1と類似していた。転写量は小花で高く、特に鱗被で
強く発現した。TaAP2 のmRNAはmiR172 ターゲットサイトで切断された。開発した同
祖体特異的PCR分析のセットはコムギ3つの同祖遺伝子が自然に存在する或は誘導され
た閉花受精のアレル各々を識別するために有益である。そのようにして見いだされる3
つの閉花受精のアレルを組み合わせ、従来の交雑を通して、閉花受精のパンコムギが生
み出せる。閉花受精のパンコムギは赤カビ病の原因となる病原体に対する抵抗のレベル
を改善するのと遺伝子が組み替えられた品種の花粉によって媒介される遺伝子の拡散
をコントロールするのに、両方ともに役立つ。TaAP2遺伝子は異なる倍数性のコムギで
も非常によく保存されており、miR172 ターゲットサイトでのミューテーションはみつ
からなかった。DNA配列の比較の結果、Ae. tauschii ssp. tauschiiの形態的なバラエティー
‘typica’ と  ‘meyeri’が ssp. strangulataの遺伝子プールに属することを支持し、亜種
strangulataが六倍体コムギのDゲノムの提供者であることを支持した。 
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